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Fermion quantum criticality far from equilibrium



• many mobile agents: 
flocking birds, colonies of bacteria, traffic,…

• loose definition: 
(1) emergent collective behavior 
(2) no detailed balance on a microscopic level 

active matter 

Motivation

What are the novel states of matter & phenomena?
Are there universal quantum effects?

active condensed / synthetic matter?
• systems with broken detailed balance on microscopic level: driven & open quantum systems

light induced superconductors/
ferromagnets 

Mitrano et al. Nature (2016)
Bloch et al. Nature (2022)

quantum gases and 
materials in optical cavities

Baumann et al., Nature (2010)
Hübener et al. Nat, Mat. (2020)

cold atoms solid state NISQ platforms

Satzinger et al. Science 
(2021) Semeghini et al. 
Science (2021)

Noel et al. Nat. Phys. (2022)
Monroe et al. RMP (2021)
Blatt, Roos, Nature (2012)

superconducting circuits / 
Rydberg arrays

trapped ion quantum 
simulators

Bowick, Fakhri, Marchetti, 
Ramaswamy, PRX (2023)

Hohenberg, Cross, 
RMP (1993)
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microscopic breaking of detailed balance  —>    universal macroscopic non-equilibrium phenomena

(the usual case)

(the interesting case)

exciton-polariton driven condensates        —>         Kardar-Parisi-Zhang (KPZ) universality class
5

interesting perspective on many-body physics of photons
was developed in the pioneering literature on quantum
solitons in nonlinear optical fiber using a quantum non-
linear Schrödinger equation as well as Bethe ansatz tech-
niques (Drummond et al., 1993; Kärtner and Haus, 1993;
Lai and Haus, 1989a,b).

The research on exciton-polaritons in semiconductor
microcavities approached the physics of luminous quan-
tum fluids following a rather different pathway. For many
years, an intense activity has been devoted to the quest
for Bose-Einstein condensation phenomena in gases of
excitons in solid-state materials (Griffin et al., 1996): ex-
citons are neutral electron-hole pairs bound by Coulomb
interaction, which behave as (composite) bosons. In spite
of the interesting advances in the direction of exciton
Bose-Einstein condensation in bulk cuprous oxide and
cuprous chloride, bilayer electron systems (Eisenstein
and MacDonald, 2004), and coupled quantum wells (Bu-
tov, 2007; High et al., 2012), so far none of these re-
search axes has led to extensive studies of the quantum
fluid properties of the alleged exciton condensate. The
situation appears to be similar for what concerns con-
densates of magnons, i.e. magnetic excitations in solid-
state materials: Bose-Einstein condensation has been ob-
served (Demokritov et al., 2006; Giamarchi et al., 2008),
but no quantum hydrodynamic study has been reported
yet.

The situation is very different for exciton-polaritons
in semiconductor microcavities, that is bosonic quasi-
particles resulting from the hybridization of the exci-
ton with a planar cavity photon mode (Weisbuch et al.,
1992). Following the pioneering proposal by Imamoğlu
et al., 1996, researchers have successfully explored the
physics of Bose-Einstein condensation in these gases of
exciton-polaritons. Thanks to the much smaller mass of
polaritons, several orders of magnitude smaller than the
exciton mass, this system can display Bose degeneracy at
much higher temperatures and/or lower densities.

Historically, the first configuration where spontaneous
coherence was observed in a polariton system was based
on a coherent pumping of the cavity at a finite angle,
close to the inflection point of the lower polariton dis-
persion. As experimentally demonstrated in (Baumberg
et al., 2000; Stevenson et al., 2000), above a threshold
value of the pump intensity a sort of parametric oscilla-
tion(Ciuti et al., 2000, 2001; Whittaker, 2001) occurs in
the planar microcavity and the parametric luminescence
on the signal and idler modes acquires a long-range co-
herence in both time and space (Baas et al., 2006). As
theoretically discussed in (Carusotto and Ciuti, 2005),
the onset of parametric oscillation in these spatially ex-
tended planar cavity devices can be interpreted as an
example of non-equilibrium Bose-Einstein condensation:
the coherence of the signal and idler is not directly in-
herited from the pump, but appears via the spontaneous
breaking of a U(1) phase symmetry.

The quest for Bose-Einstein condensation in a thermal-
ized polariton gas under incoherent pumping required a

FIG. 1 Figure from Kasprzak et al., 2006. Upper panel:
Sketch of a planar semiconductor microcavity delimited by
two Bragg mirrors and embedding a quantum well (QW). The
wavevector in the z direction perpendicular to the cavity plane
is quantized, while the in-plane motion is free. The cavity
photon mode is strongly coupled to the excitonic transitions in
the QWs. A laser beam with incidence angle θ and frequency
ω can excite a microcavity mode with in-plane wavevector
k� = ω

c sin θ, while the near-field (far-field) secondary emis-
sion from the cavity provides information on the real-space
(k-space) density of excitations. Central panel: The energy
dispersion of the polariton modes versus in-plane wavevector
(angle). The exciton dispersion is negligible, due to the heavy
mass of the exciton compared to that of the cavity photon.
In the experiments, the system is incoherently excited by a
laser beam tuned at a very high energy. Relaxation of the
excess energy (via phonon emission, exciton-exciton scatter-
ing, etc.) leads to a population of the cavity polariton states
and, possibly, Bose-Einstein condensation into the lowest po-
lariton state. Lower panel: Experimental observation of po-
lariton Bose-Einstein condensation obtained by increasing the
intensity of the incoherent off-resonant optical pump.

Kasprzak et al., Nature (2006)

working example

Fontaine et al., Nature (2022)
Th: Altman, Chen, Sieberer, SD, Toner, PRX 

(2015); He, Sieberer, SD, PRL (2017)

Universality in driven open quantum matter, 
Sieberer, Buchhold, Marino, SD, Rev. Mod. Phys. (2025)

guiding principle: activate soft modes 
(critical, Goldstone, …) 

The question, refined: equilibrium vs. non-equilibrium 
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2D KPZ quantitatively seen in polaritons! 
Dam et al. Science (2026)
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FIG. 1 Figure from Kasprzak et al., 2006. Upper panel:
Sketch of a planar semiconductor microcavity delimited by
two Bragg mirrors and embedding a quantum well (QW). The
wavevector in the z direction perpendicular to the cavity plane
is quantized, while the in-plane motion is free. The cavity
photon mode is strongly coupled to the excitonic transitions in
the QWs. A laser beam with incidence angle θ and frequency
ω can excite a microcavity mode with in-plane wavevector
k� = ω

c sin θ, while the near-field (far-field) secondary emis-
sion from the cavity provides information on the real-space
(k-space) density of excitations. Central panel: The energy
dispersion of the polariton modes versus in-plane wavevector
(angle). The exciton dispersion is negligible, due to the heavy
mass of the exciton compared to that of the cavity photon.
In the experiments, the system is incoherently excited by a
laser beam tuned at a very high energy. Relaxation of the
excess energy (via phonon emission, exciton-exciton scatter-
ing, etc.) leads to a population of the cavity polariton states
and, possibly, Bose-Einstein condensation into the lowest po-
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Kasprzak et al., Nature (2006)

working example

physics soon exits the regime of weakly interacting bosons that
describes ultracold atoms; second, the lifetime is short enough that
we must confront the role of non-equilibrium physics25. Never-
theless, the principal experimental characteristics expected for BEC
are clearly reported here: condensation into the ground state arising
out of a population at thermal equilibrium; the development of
quantum coherence, indicated by long-range spatial coherence, and
sharpening of the temporal coherence of the emission.

Experimental procedure
The sample we studied consists of a CdTe/CdMgTe microcavity
grown by molecular beam epitaxy. It contains 16 quantum wells,

displaying a vacuum field Rabi splitting of 26meV (ref. 26). The
microcavity was excited by a continuous-wave Ti:sapphire laser,
combined with an acousto-optic modulator (1-ms pulse, 1% duty
cycle) to reduce sample heating. The pulse duration is sufficiently
long (by four orders of magnitude) in comparison with the charac-
teristic times of the system to guarantee a steady-state regime. The
laser beam was carefully shaped into a ‘top hat’ intensity profile
providing a uniform excitation spot of about 35 mm in diameter on
the sample surface, as shown in Fig. 4i. The excitation energy was
1.768 eV, well above the polariton ground state (1.671 eV at cavity
exciton resonance), at the first reflectivity minimum of the Bragg
mirrors, allowing proper coupling to the intra-cavity field. This
ensures that polaritons initially injected in the system are incoherent,
which is a necessary condition for demonstrating BEC. In atomic
BEC or superfluid helium, the temperature is the parameter driving
the phase transition. Here the excitation power, and thus the injected
polariton density, is an easily tunable parameter, and so we chose it as
the experimental control parameter. The large exciton binding
energy in CdTe quantum wells (25meV), combined with the large
number of quantum wells in the microcavity, is crucial in maintain-
ing the strong coupling regime of polaritons at high carrier density.
The far-field polariton emission pattern was measured to probe the
population distribution along the lower polariton branch. The
spatially resolved emission and its coherence properties are accessible
in a real-space imaging set-up combined with an actively stabilized

Figure 1 |Microcavity diagram and energy dispersion. a, A microcavity is a
planar Fabry–Perot resonator with two Bragg mirrors at resonance with
excitons in quantum wells (QW). The exciton is an optically active dipole
that results from the Coulomb interaction between an electron in the
conduction band and a hole in the valence band. In microcavities operating
in the strong coupling regime of the light–matter interaction, 2D excitons
and 2D optical modes give rise to new eigenmodes, called microcavity
polaritons. b, Energy levels as a function of the in-plane wavevector kk in a
CdTe-based microcavity. Interaction between exciton and photon modes,
with parabolic dispersions (dashed curves), gives rise to lower and upper
polariton branches (solid curves) with dispersions featuring an anticrossing
typical of the strong coupling regime. The excitation laser is at high energy
and excites free carrier states of the quantum well. Relaxation towards the
exciton level and the bottom of the lower polariton branch occurs by
acoustic and optical phonon interaction and polariton scattering. The
radiative recombination of polaritons results in the emission of photons that
can be used to probe their properties. Photons emitted at angle v correspond
to polaritons of energy E and in-plane wavevector kk ¼ ðE="cÞsinv:

Figure 2 | Far-field emission measured at 5K for three excitation
intensities. Left panels, 0.55P thr; centre panels, P thr; and right panels,
1.14P thr; where P thr ¼ 1.67 kWcm22 is the threshold power of
condensation. a, Pseudo-3D images of the far-field emission within the
angular cone of^238, with the emission intensity displayed on the vertical axis
(in arbitrary units).With increasing excitation power, a sharp and intensepeak
is formed in the centre of the emission distribution ðvx ¼ vy ¼ 08Þ;
corresponding to the lowest momentum state kk ¼ 0. b, Same data as in a
but resolved in energy. For such a measurement, a slice of the far-field
emission corresponding to vx ¼ 08 is dispersed by a spectrometer and
imaged on a charge-coupled device (CCD) camera. The horizontal axes
display the emission angle (top axis) and the in-plane momentum (bottom
axis); the vertical axis displays the emission energy in a false-colour scale
(different for each panel; the units for the colour scale are number of counts
on the CCD camera, normalized to the integration time and optical density
filters, divided by 1,000 so that 1 corresponds to the level of dark counts:
1,000). Below threshold (left panel), the emission is broadly distributed in
momentum and energy. Above threshold, the emission comes almost
exclusively from the kk ¼ 0 lowest energy state (right panel). A small blue
shift of about 0.5meV, or 2%of the Rabi splitting, is observed for the ground
state, which indicates that the microcavity is still in the strong coupling
regime.
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this talk:

microscopic model mesoscopic field theory macroscopic phenomenology

• fermion topological dark states
• competition and dark-to-dark 

transition

• fermion-boson action
• emergent symmetry protecting 

state’s purity

• quantum critical fermions far from 
equilibrium 

• new universality class

Far from equilibrium & quantum 



Classical active matter scenario: Absorbing state transitions

H. Hinrichsen, Adv. Phys. (2000); 
G. Odor, RMP (2004) 

• classical absorbing state transitions: wetting transition
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Fig. 12: Directed bond percolation in 1+1 dimensions starting from random initial conditions (top) and
from a single active seed (bottom). Each horizontal row of pixels represents four updates. As can be seen,
critical DP is a reaction-limited process.

Associating active sites with particles A and inactive sites with vacancies Ø, a DP process
corresponds to the reaction-diffusion scheme

self-destruction: A → Ø ,
diffusion: Ø + A → A + Ø ,
offspring production: A → 2A ,
coagulation: 2A → A .

(81)

To understand this reaction-diffusion scheme, let us again consider the example of directed
bond percolation. Depending on the configuration of the bonds, each active site (particle)
may activate two neighboring sites of the subsequent row (next time step). If both bonds
are closed, the particle self-destructs. If only one bond is open, the particle will diffuse
to the left or to the right with equal probability, whereas an offspring is produced when
both bonds are open. On the other hand, if two particles reach the same target site, they
coalesce into a single particle, giving rise to the reaction 2A → A. This process limits the
maximal density of active sites. In fact, as will be shown below, the coagulation process is
the essential nonlinear ingredient of DP. In ‘fermionic’ models with an exclusion principle
it is automatically included. However, in ‘bosonic’ models allowing for an infinite number
of particles per site one would have to add this process explicitly.

3.2 Lattice models for directed percolation

In the literature there is a vast variety of DP models following the spirit of the above
reaction-diffusion scheme. As we will see below, they all exhibit the same type of critical
behavior at the transition. The common feature of all these models is the existence of an
absorbing state, i.e., a configuration that the model can reach but from where it cannot

37
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absorbing/dry state critical state wetted state

• phase transition:
density of active sites
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PHASE
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evaporation branching

• competing physical processes

no offspring from vacuum

➡ absorbing state = uncorrelated empty ‘trivial vacuum' 
➡ non-equilibrium dynamics: not every process comes with its reverse (no detailed balance)
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wetting epidemic spreading Rydberg atoms measurement induced 
phase transitions
Piroli et al. PRB (2021); 
O’Dea et al. PRB (2024)

—> water, bacteria, 
          driven atoms/ions

Pastor et al., RMP 
(2015) 

G. Odor, 
RMP (2004) 

trapped ions
Gutierrez et al., PRA 

(2017) 
Chertkov et al., Nat. 

Phys. (2023) 

Classical active matter scenario: Non-equilibrium universality
• wetting transition in directed percolation (DP) universality class
• Grassberger-Janssen conjecture: all absorbing state transitions in DP class

microscopic

mesoscopic

macroscopic

non-equilibrium universality class w/o equilibrium counterpart

fluctuation
effects

—> critical degrees   
       of freedom 

length
Marcuzzi, Buchhold, SD, Lesanovsky, PRL 

(2016); Carollo, Gillman, Weimer, 
Lesanonvsky, PRL (2019)

➡ emergent classical: quantum problems can map to classical DP
➡ clean & quantitative realizations possible (‘non-equilibrium simulators’)
➡ can we beat Grassberger-Janssen by quantum mechanics?

coarse

directed percolation field theory—> (bosonic) activity    
      order parameter 

Z = ∫ 𝒟(ϕ̃, ϕ)eiS[ϕ̃,ϕ] S[ϕ̃, ϕ] = ∫t,x
[ϕ̃(∂t + K∇2 + r)ϕ + g(ϕ̃ϕ2 − iϕ̃2ϕ)]

graining

Grassberger, Z. Phys. B (1982); Janssen, Z. Phys. B (1985) 



• interpretation:

energy decay (dissipation) ensures probability conservation 
(fluctuation)
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• Lindblad quantum master equation for driven open quantum system

Quantum analog: Dark states in Lindblad equations

environment

system

coherent evolution driven-dissipative evolution
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Quantum analog: Dark states in Lindblad equations

environment

drive 
system

coherent evolution driven-dissipative evolution
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⌘ L̂[⇢̂]

• Lindblad quantum master equation for driven open quantum system

• Lindbladians break equilibrium conditions

single-, two-, ... body loss

many-body 
system

single particle incoherent pump L̂ = ̂a†
i

L̂ = ̂ai L̂ = ̂a2
i

H
e.g. Bose-Hubbard: kinetic & 

potential energy

• driven open system: dissipation channels from independent microscopic processes

• system is ‘confused’ which bath to thermalise to

• sharply defined by violation of thermal / KMS symmetry of Lindblad-Keldysh path integral
Sieberer, …, SD, PRB (2015); Haehl et al. JHEP (2016); 

Crossley et al., JHEP (2016); Aron et al. SciPost (2018)
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drive 
system

coherent evolution driven-dissipative evolution
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• Lindblad quantum master equation for driven open quantum system

• Dark states

for e.g. H|Di = E|Di

⇢ = |DihD|➡ time evolution stops when                       

<latexit sha1_base64="q6l4ccOI0l9ieXZ6irUydIXTYWw=">AAACHHicbVC7SgNBFJ2NrxhfUUubwSBYSNg1ojZCUAsLiwjmAdkl3J1MkiGzs+vMrBDWfIiNv2JjoYiNheDfOEm20MQDA4dzzmXuPX7EmdK2/W1l5uYXFpeyy7mV1bX1jfzmVk2FsSS0SkIeyoYPinImaFUzzWkjkhQCn9O6378Y+fV7KhULxa0eRNQLoCtYhxHQRmrlS24PdHI9bCUu8KgHw4dLV4LocorPbOzexdDGbieUwDl2DyaZVr5gF+0x8CxxUlJAKSqt/KfbDkkcUKEJB6Wajh1pLwGpGeF0mHNjRSMgfejSpqECAqq8ZHzcEO8ZpY3NCuYJjcfq74kEAqUGgW+SAeiemvZG4n9eM9adUy9hIoo1FWTyUSfmWId41BRuM0mJ5gNDgEhmdsWkBxKINn3mTAnO9MmzpHZYdI6LpZujQvk8rSOLdtAu2kcOOkFldIUqqIoIekTP6BW9WU/Wi/VufUyiGSud2UZ/YH39AHnZoZY=</latexit>

L̂↵|Di = 0 8↵

spin, lattice site, …

Quantum analog: Dark states in Lindblad equations



• Interesting situation: unique dark state solution

➡ dissipation removes entropy, increases purity

Hilbert space

dark subspace

➡ you can enter, but never leave (cf. absorbing state)

➡ directed motion in Hilbert space ⇢
t!1�! |DihD|

environment

drive 
system

coherent evolution driven-dissipative evolution
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• Lindblad quantum master equation for driven open quantum system

Quantum analog: Dark states in Lindblad equations
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drive 
system

coherent evolution driven-dissipative evolution
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Quantum analog: Dark states in many-body Lindblad equations

• simple example: lossy cavity 

➡ ‘trivial vacuum’ empty state (like in classical absorbing states)

Ĥ = ω0a†a, L̂ = a ⟹ |D⟩ = |0⟩

Ĥ = − J∑
i

a†
i+1ai + h.c., L̂ = (a†

i + a†
i+1)(ai − ai+1)

• Lindblad quantum master equation for driven open quantum system

• many-body example (‘dissipation engineering’)

➡ ‘non-trivial vacuum’ (particle non-empty, quantum correlated) 

SD et al., Nat. Phys. (2008); 
Verstraete et al., Nat. Phys. 
(2009)

SD et al., Nat. Phys. (2011)⟹ |D⟩ = |BCS, N⟩

L̂i = (a†
i + a†

i+1)(ai − ai+1)
⟹ |D⟩ = |BEC, N⟩

bosons

fermions
 lattice sites∀i,

fixed number Kitaev chain

fixed number BEC



Non-trivial vacuum: topological insulator dark state

|D⟩ = ∏
x

l†
2,x |0⟩ : 2 bands, e.g. SSH stated = 1

band 1 

band 2

�3 �2 �1 0 1 2 3
0.0

0.2

0.4

0.6

0.8

1.0

.                  

�3 �2 �1 0 1 2 3
0.0

0.2

0.4

0.6

0.8

1.0

.                  

k

|�nk|

�3 �2 �1 0 1 2 3
0.0

0.2

0.4

0.6

0.8

1.0

.                  

.

0

0

0
1

1

1

π−π 0

�1

1

�1
1

�1

1

�a

�nk

∂k�nk

n̄k• quantum correlations, characterized by topological chiral winding number W ∈ ℤ

• e.g. SSH state: winding on grand circle of Bloch sphere

winding number in 1d 

Goldstein, SciPost (2019); Shavit, 
Goldstein, PRB (2020)
Tonielli, Budich, Altland, SD, PRL (2020)

• nontrivial vacuum state, example: dissipative chiral topological insulator 1D



Non-trivial vacuum: topological insulator dark state
• nontrivial vacuum state, example: dissipative chiral topological insulator 1D

|D⟩ = ∏
x

l†
2,x |0⟩ : 2 bands, e.g. SSH stated = 1

• parent Lindblad operators cooling into this vacuum:

L̂a,1 = ψ̂†
a

̂l1 L̂a,2 = ψ̂a
̂l†
2

band 1 

band 2

• interpretation: IF-THEN condition

a = 1,2 band

➡ dynamics stops once above dark state is reached

IF
band 1 empty     ⟹ ̂l1 |ψ⟩ = 0

band 2 occupied ⟹ ̂l†
2 |ψ⟩ = 0

THEN stop dynamics

otherwise recycle into evolution
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n̄k• quantum correlations, characterized by topological chiral winding number W ∈ ℤ

• e.g. SSH state: winding on grand circle of Bloch sphere

winding number in 1d 

Goldstein, SciPost (2019); Shavit, 
Goldstein, PRB (2020)
Tonielli, Budich, Altland, SD, PRL (2020)



• Competition by superposition of left and right winding Lindblad operators

Topological quantum phase transition far from equilibrium 

stabilises W = + 1

➡ between two non-trivial vacua: absorbing-to-absorbing state transition (cf. directed percolation: 
absorbing to active)

➡ interacting (quartic) Lindbladian: quantum critical behavior far from equilibrium?

L̂i = cos ✓L̂+
i + sin ✓L̂�

i
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stabilises W = − 1

➡ state pure across transition 
(canonical transformation)➡ topological phase transition at  via gap closingθ = π/4

Δ

θ

W

θ
+1

−1

winding number purity

| ⃗nk | for all k

θ

1

dissipative gap

Altland, Fleischhauer, SD, PRX (2021)



Theoretical approach

macroscopic

lattice Lindblad-Keldysh field theorymicroscopic

• map dark state Lindbladian into equivalent Lindblad-Keldsh field theory (Keldysh = Feynman for 
density matrix)

mesoscopic

fixed point action ➡determine universality class 
(set of critical exponents)

length @t⇢̂ = �i[Ĥ, ⇢̂] + 
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†
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Z = tr⇢(t) =
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Z
D ±e

iS[ ±]
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near quantum critical 
continuum action

➡ identify relevant degrees of freedom 
for quantum phase transition



Microscopic fermion model

Realization in 3D

• chiral topological insulator models in all odd spatial dimensions (class AIII) 

I = (U,L)
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superposition realising competition

x̂� = cos(✓)l̂� + sin(✓)r̂� = W��(✓) ̂�
<latexit sha1_base64="gUZ5ujQYHagyG18FkV4iae7n4Ug="></latexit>

• Important feature: conserves total number of particles
➡expect diffusive slow mode to couple to fermions

macromicro meso

• two ways to derive ‘mesoscopic’ near critical action

• direct calculation: Hubbard-Stratonovich decoupling
➡provides parameters & identify symmetries

• symmetry based construction
➡promote identified symmetries to construction principle for intermediate scale action  



Microscopic fermion model

Realization in 3D

• chiral topological insulator models in all odd spatial dimensions 

I = (U,L)
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• symmetries (in part emergent in continuum limit):

• unitary symmetries

• Important feature: conserves total number of particles
➡expect diffusive slow mode to couple to fermions

• new anti-unitary symmetry: fermion dark state symmetry 

• weak Pin(d) symmetry (spatial subgroup of Lorentz transformations)

• chiral symmetry 

dissipative Dirac 
insulators



Symmetry based derivation: fermion sector 

macro

meso

macro

• near critical effective action in d+1 dimensions in diagonal basis

• weak global U(1)
only possible for Grassmann fields

i ! �i
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(2) fermion dark state symmetry: emergent dynamical symmetry with two components

• anti-unitary dynamical involution (squares to 1)

micro

(1) unitary symmetries (weak Pin(d) and chiral)

➡ cooling into Dirac insulator pure state

➡ action has single relevant parameter!

in diagonal basis, in line with 
microscopic derivation

SF =

Z

q,!
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Result: Quantum critical fermion-boson action

• near critical effective action in d+1 dimensions

macro

micro

meso

SB =

Z

t,x
(nc, ✓q)
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• gapless bosons: diffusive modes of 
conserved particle number 

• compare non-linearities: 

• cubic fermion-boson coupling SY =

Z

x,t
nc(x, t)�̄

>(x, t)
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nc χ̄c χq + h . c. + nc χ̄q χq ϕcϕcϕq + ϕcϕqϕq
vs. directed 
percolation

SF =

Z
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• critical fermions: cooling into Dirac non-trivial vacuum



Towards macroscopic physics I: symmetry principle for pure states

macro

micro

meso
• equal-time: 

 full renormalized covariance matrix  , pure state

GK(t, t) = Γ, F2 = 1

⟹ Γ2 = 1

• implication II: constraining RG flow 

pure state manifold 
(symmetry protected)

RG flow parameter space 
• forbids activation of a relevant direction (noise)

• non-Gaussian fixed point reached by single fine tuning
• unlike previous instances of non-equilibrium quantum criticality (bicritical points)

non-Markovian: Dalla Torre 
et al. Nat. Phys. (2012)
Markovian: Marino, SD, PRL 
(2016)

• implication I: protecting the fermion state’s purity

• Ward identity: non-thermal fluctuation-dissipation relation GK = F(GR − GA)
FDS

correlation response

• analysis guided by fermion dark state symmetry 



Towards macroscopic physics II: RG analysis

macro

micro

• flow equations at one-loop order

• set of one-loop critical exponents for new universality class 

ν =
1
2

−
ϵ
4

z = 2 +
ϵ
2

η = −
ϵ
4

dynamical exponent

correlation length exponent

anomalous dimension

complex fermion self energy complex Yukawa coupling

Flow of Yukawa coupling fixed point with reversible 
and irreversible couplings

• fixed point structure 

IR stable 
WF fixed 

point

meso



Discussion: related symmetry structures at critical points

fermion dark state transitions 

• symmetry constrains flow in pure states 

in quantum sytems:  
Marcuzzi et al., PRL (20016); Piroli et al. PRB 
(2021), O’Dea et al., PRB (2024) 
quantum directed percolation: 
Carollo, Gillman, Weimer, Lesanonvsky, PRL 
(2019); Thompson, Kamenev, SciPost (2024)

• fermionic dark state symmetry

absorbing state transitions 

• rapidity inversion

U.C. Täuber, Critical 
Dynamics (2014)

quantum criticality

• thermal/KMS symmetry for T = 0
Sieberer, …, SD, PRB (2015); Haehl et al. 
JHEP (2016); Crossley et al., JHEP (2016); 

Aron et al. SciPost (2018)

➡ implication: fluctuation-dissipation relations fixing system in pure state

➡all symmetries reminiscent of time reversal: 

•  antiunitary involution

• involve 
ℤ2

t → − t

➡ further commonalities:



fermion dark state transitions 

• symmetry constrains flow in pure states 

in quantum sytems:  
Marcuzzi et al., PRL (20016); Piroli et al. PRB 
(2021), O’Dea et al., PRB (2024) 
quantum directed percolation: 
Carollo, Gillman, Weimer, Lesanonvsky, PRL 
(2019); Thompson, Kamenev, SciPost (2024)

• fermionic dark state symmetry

absorbing state transitions 

• rapidity inversion

U.C. Täuber, Critical 
Dynamics (2014)

quantum criticality

• thermal/KMS symmetry for T = 0
Sieberer, …, SD, PRB (2015); Haehl et al. 
JHEP (2016); Crossley et al., JHEP (2016); 

Aron et al. SciPost (2018)

➡new intersection: non-equilibrium quantum

➡caveat: symmetry protection  physical protection≠

equilibrium non-equilibrium 

pure pure mixed
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pure pure
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pure (trivial)

quantum classical

➡ further comparison:

Discussion: related symmetry structures at critical points



many-body physics statistical mechanics

Fermion quantum criticality far from equilibrium

microphysics macrophysics

• microscopic ingredients: 
• fermion dark state, interactions, breaking of equilibrium, 

particle number conservation
• building blocks available in Floquet driven solid state platforms

• mesoscopic symmetries: 

• protection of pure quantum states 

• fermion-boson theory analogous to 
DP action

• macroscopic physics: 

• new intersection, parallels to equilibrium quantum criticality 
and absorbing state transitions 

• quantum criticality far from equilibrium 

R. Mittal, T. Zander, J. Lang, SD, PRX (2026)


