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1 Overview of the thesis

The theory of statistical mechanics provides a powerful conceptual framework within which the
relevant (macroscopic) features of systems at equilibrium can be described. As there is currently no
equivalent capable of encompassing the much richer class of non-equilibrium phenomena, research
in this direction proceeds mainly on an instance-by-instance basis. The aim of this Thesis is to
describe in some detail three such attempts, which involve different dynamical aspects of classical
and quantum systems. As summarised below, each of the last three Chapters of this document
delves into one of these different topics, while Chapter 2 provides a brief introduction on the study
of non-equilibrium dynamics.

In Chapter 3 we investigate the purely relaxational dynamics of classical critical ferromagnetic
systems in the proximity of surfaces, paying particular attention to the effects that the latter induce
on the early stages of the evolution following an abrupt change in the temperature of the sample.
When the latter ends close enough to the critical value which separates the paramagnetic from
the ferromagnetic phase, it effectively introduces a temporal boundary which can be treated as
if it were a surface. Within this picture, we highlight the emergence of novel effects near the
effective edge formed by the intersection of the two spatial and temporal boundaries. Our findings
are apparently in disagreement with previous predictions which were based on the assumption
that the presence of such an edge would not affect the scaling behaviour of observables; in order
to explain this discrepancy, we propose an alternative for the original power-counting argument
which, at least, correctly predicts the emergence of novel field-theoretical divergences in our one-
loop calculations. We show that said singularities are associated with the scaling at the edge.
Moreover, by encoding our findings in a boundary renormalisation group framework, we argue
that the new predicted behaviour represents a universal feature associated to the short-distance
expansion of the order parameter of the transition near the edge; we also calculate explicitly its
anomalous dimension at the first-order in a dimensional expansion. As a qualitative feature, this
anomalous dimension depends on the type of phase transition occurring at the surface. We exploit
this fact in order to provide numerical support to our predictions via Monte Carlo simulations of
the dynamical behaviour of a three-dimensional Ising model. The main results reported in Chap. 3
have appeared in Ref. [1].

In Chapter 4 we revisit the Euclidean mapping to imaginary times which has been recently
proposed [2, 3] as an alternative for approaching the problem of quantum dynamics following a
quench. This is expected to allow one to reformulate the original problem as a static one confined
in a film geometry. We show that this interpretation actually holds only if the initial state of the
dynamics is pure. Statistical mixtures, instead, intertwine the effects due to the two boundaries,
which therefore cannot be regarded as being independent. We emphasize that, although the afore-
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mentioned reinterpretation as a confined static problem fails, one is still able, in principle, to write
down and solve the corresponding equations. We also discuss in some detail the relation between
this approach and the real-time field-theoretical one which makes use of the two-time Keldysh
contour. For this purpose, we study the analytical structure of relevant observables — such as
correlation functions — in the complex plane of times, identifying a subdivision of this domain
into several sectors which depend on the ordering of the imaginary parts of the involved time co-
ordinates. Within each of these subdomains, the analytic continuation to the real axis provides in
principle a different result. This feature allows one to reconstruct from the Euclidean formalism all
possible non-time-ordered functions, which in particular include all those which can be calculated
via the Keldysh two-time formalism. Moreover, we give a prescription on how to retrieve response
functions, discussing some simple examples and rationalising some recent numerical data obtained
for one of these observables in a one-dimensional quantum Ising chain [4]. We also highlight the
emergence of a light-cone effect fairly similar to the one previously found for correlation functions
[2], which therefore provides further confirmation to the fact that information travels across the
system in the form of the entanglement of quasi-particles produced by the quenching procedure.
We have reported part of this analysis in Ref. [5].

Chapter 5 presents part of our recent work on effective relaxation in quantum systems fol-
lowing a quench and on the observed prethermalisation. We analyse the effects caused by the
introduction of a long-range integrability-breaking interaction in the early stages of the dynam-
ics of an otherwise integrable quantum spin chain following a quench in the magnetic field. By
employing a suitable transformation, we redefine the theory in terms of a fully-connected model
of hard-core bosons, which allows us to exploit the (generically) low density of excitations for
rendering our model exactly solvable (in a numerical sense, i.e., by numerically diagonalising an
exact matrix). We verify that, indeed, as long as the parameters of the quench are not too close to
the critical point, the low-density approximation captures the dynamical features of the elementary
operators, highlighting the appearance of marked plateaux in their dynamics, which we reinterpret
as the emergence of a prethermal regime in the original model. As expected, the latter behaviour
is reflected also on extensive observables which can be constructed as appropriate combinations
of the mode populations. For these quantities, the typical approach to the quasi-stationary value is
algebraic with exponent o ~ 3, independently of the size of the system, the strength of the interac-
tion and the amplitude of the magnetic field (as long as it is kept far from the critical point). The
plateaux mentioned above last until a recurrence time — which can be approximately identified
with 7z ~ N/2 for single modes and 7, =~ N /4 for extensive quantities — after which quantum
oscillations due to the finite size of the chain reappear. Our procedure allows us to shed some light
over prethermal features without having to considerably limit the size of the system, which we can
choose to be quite large, as we discuss in Ref. [6].



2 Introduction to non-equilibrium
dynamics

The description of the physics of many-body systems is unavoidably complicated by the huge num-
ber of degrees of freedom they display. This issue is typically averted by introducing the concept
of statistical ensembles, which leads to encoding the relevant information on macroscopic quan-
tities within a suitable, small set of random variables. This, however, requires that the system be
at equilibrium. Outside of this condition, we generically lack a comprehensive framework for ap-
proaching the problem, as the aforementioned interpretation is no longer valid. As time enters into
the picture, in fact, it may happen that a system becomes unable to probe all equivalent configura-
tions corresponding to a given macroscopic state; consequently, the uniform distribution dictated
by equipartition cannot but fail to capture its physical features. Both from a conceptual and a prac-
tical point of view, a simple and widely-employed method to affect a macroscopic system is to vary
some external control parameter 7', such as the temperature or the magnetic field. The effects of
this procedure will then depend upon the interplay between two time scales: the one governing the
aforementioned variation 7, ~ T /T and the typical relaxation time of the sample 7. For 7, > 1,
the system is given enough time to adapt to the altered conditions and can be thought to be almost
at equilibrium at every moment; such a reversible transformation, referred to as “adiabatic”, can
be fully studied within a thermodynamical framework. Novel, non-trivial effects appear instead
for 1, < 7,, i.e., when the changes are happening so fast that the system is unable to cope with
them and lags behind. In the latter case, the dynamics becomes non-trivial and the system is driven
out of equilibrium. If the focus lies in the inherent dynamical features, rather than in the stationary
state emerging as a consequence of the external driving, it may be convenient to employ a variation
limited on a time frame At, after which the system is let evolve freely. In particular, if 7, < 7, and
At < 7., the change may be effectively thought to be instantaneous, since, with good approxima-
tion, the system’s properties are not modified while it is being carried out; a protocol of this kind,
which is conceptually the simplest possible, is named quench. Moreover, in order to actually cap-
ture the dynamics, one must be able to resolve events on time scales Tp smaller than 7,. Thus, we
can conclude that, quite generally, the observation of non-equilibrium conditions requires either
the ability to modify the external parameters and to observe the system quickly, or the choice of
materials which exhibit a slow relaxation. An outstanding example among the latter is provided
by glasses [7-9], but long relaxation rates are not just a prerogative of random media: a particu-
larly relevant context in which they naturally occur is provided by continuous phase transitions. At
equilibrium, it is a well-known theoretical and experimental fact that, upon approaching a critical
point (e.g., by tuning the temperature to a specific value T — T.), the correlation length & of the
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thermal fluctuations diverges algebraically as & ~ |T — T.|~" with v > 0 [10-12]. This has some
fundamental implications: from a formal point of view, the system loses the only inherent meso-
scopic length-scale, thereby becoming self-similar under dilatations; of course, for real samples
this represents an approximate statement, as microscopic scales such as the lattice spacing a and
macroscopic ones such as the typical linear dimension L inevitably persist, granting it validity only
within the range a < & < L, which can nonetheless encompass several orders of magnitude. Be-
cause of this, the system’s behaviour becomes dominated by collective effects which only depend
on features that can be read off at any scale, such as the range and symmetries of the underlying in-
teraction, the global dimensionality or the presence or absence of disorder. In turn, since in general
many microscopically different systems may be found sharing those properties, this gives rise to
universality. In other words, all quantities which do not explicitly depend on the scale chosen for
the description, such as the well-known critical exponents and scaling functions, are found to be
the same in many different instances, which form the so-called universality class of the transition.

In a dynamical setting, not only length scales, but also time scales must be taken into account;
near criticality (T =~ T.), the typical relaxation rate 7, of a system scales as T, ~ % ~ |T — T.| ",
where 7 is called dynamical exponent and measures the anisotropy between spatial and temporal
coordinates under scaling [11, 13]. The divergence of this characteristic time at the critical point,
also known as critical slowing down, reflects the fact that, as collective behaviours take over in the
system, external changes must be able to affect larger and larger domains, each tending to react
as a whole rather than as a collection of parts, which makes them slower and slower at adapting.
Conceptually, this implies that no transformation can be carried out adiabatically across a phase
transition, as there will always be a range of values of the control parameter 7 for which 7, 2 T, (see
Ref. [14] for some experimental consequences of this fact). Critical systems constitute therefore
a suitable choice for studying non-equilibrium dynamics, be it in an experimental [15], numerical
[16, 17] or analytical [18—22] fashion; furthermore, any transformation which ends up close enough
to the critical point can be conveniently approximated by a quench. As a relevant implication, the
early-time dynamics which follows does not strongly depend upon the details of the protocol, but
just on its starting and ending points; in this time frame, novel universal features emerge [23],
as will be further detailed in Chapter 3, which are related to the initial state’s properties and,
interestingly enough, have been highlighted by treating the quench as if it were a temporal surface.
As a matter of fact, every change which is sufficiently abrupt to preserve, with good approximation,
the system’s configuration can be regarded as being instantaneous. This very instant constitutes a
boundary separating the equilibrium and non-equilibrium regimes, exactly as a surface separates
the inside of a sample from the outside. This identification, which has been proved to hold in
systems subject to stochastic dynamics, allows one to make use of the available knowledge on
critical, static systems with boundaries [24, 25] for describing dynamical features and has led
to understanding that typical observables &'(¢) display a crossover from an early-time algebraic

X

behaviour % to the usual power-law decay found at equilibrium t*Tﬁ, where xs denotes the
scaling dimension of ¢. The universal exponent 6, depends on the gross features of the quench,
which can be encoded in effective boundary (initial) conditions for the order parameter. A typical
example is illustrated by Fig. 2.1, where this initial regime is clearly highlighted.

In the case of quantum many-body systems, an additional, relevant time scale has to be taken
into account, which is the typical decoherence time 7p. The latter measures how long pure quan-

4
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Figure 2.1: Monte Carlo simulation of the order parameter’s early-time dynamics in a two-
dimensional random field Ising model. Here the magnetisation m is reported as a function of time
t in a double-logarithmic scale. The initial, non-algebraic, behaviour is due to microscopic, non-
universal effects. The subsequent algebraic increase corresponds to the early-time universal regime
discussed in the main text. On the right, the beginning of the crossover to the relaxation decay shows
up. The four boxes at the sides represent snapshots of the spin configuration (white corresponding
to spin up, whereas black to spin down) taken at different times. This figure has been adapted from
Ref. [26].

tum effects (e.g., linear superposition of states, unitarity of the evolution, entanglement) can last
before being affected and, more often than not, destroyed, by interaction with the environment. Al-
though the advances in experimental techniques have progressively increased this scale to higher
and higher values (see, e.g., Fig. 3 of Ref. [27]), it still remains much smaller than the typical
relaxation rate 7, [28]. Thereby, as it can hardly rely on the intrinsic slowness of systems, the study
of quantum non-equilibrium dynamics generically requires fast changes and quick measurements.
As a matter of fact, only very recently it became possible to experimentally probe the quantum
evolution of many-body systems, mainly thanks to the improved capabilities in manipulating ultra-
cold gases. Cold atoms trapped in optical lattices provide the means to investigate many relevant
aspects of quantum many-body physics [29]: on the one hand, via Feshbach resonances [30], ex-
ternal magnetic fields allow to finely tune the strength of the interaction between particles; on the
other, the substantial control over lasing emission grants great freedom in shaping the optical trap,
opening the path to the realisation of effectively low-dimensional systems, while providing also a
way to tune the interaction range to some extent. As a consequence, in the past years it has be-
come possible to actually realise and study in the laboratory many important models of condensed
matter [31-34]. Seminal works conducted in a dynamical framework have highlighted the pres-
ence of quantum revival effects in Bose-Einstein condensates [27] and of periodic recurrence in
one-dimensional gases of interacting bosons [35], which reflect the unitarity of quantum evolution.
Figure 2.2(a) shows a clear example of resonance effects, as the corresponding system has been
engineered in such a way that its energy levels, which also represent the relevant frequency modes,
are in rational proportion and, thus, a well-defined period can be extracted from the smallest of their

5
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Figure 2.2: Experimental observation of long-lasting quantum dynamics. (a) Collapse and revival of
the density configuration in a three-dimensional Bose-Einstein condensate after quenching the depth
of the optical potential; the different boxes correspond, in alphabetical order, to 0, 100, 150, 250,
350, 400 and 550us elapsed since the quench. An almost periodic behaviour clearly emerges, as
the original pattern (panel (a)) is approximately recovered at the end of the sequence (panel (g)).
(b) Oscillations of two quasi-one-dimensional clouds of interacting bosons. Despite the scattering
processes happening when they meet, no significant relaxation is highlighted on the time-scales of the
experiment. These figures have been adapted from Refs. [27, 35].

ratios. Another intriguing non-equilibrium feature consists in the fact that, despite the intrinsically
non-local nature of quantum mechanics, the velocity v at which information can travel across a
system is always finite, as theoretically determined 40 years ago by Lieb and Robinson [36] on
systems defined on a lattice. Clearly, any local perturbation will propagate at most at such a maxi-
mal value v and it will thus take some time for it to affect every part of the system. However, this
property emerges also in the case of global, uniform perturbations which do not break translational
invariance, as most quenches are chosen to be. In this case, a light-cone effect may be in principle
highlighted in correlation functions at different points (say, at a distance r), which will be affected
by the quench only after waiting a time ¢ > r/v, whereas for ¢ < r/v their behaviour will remain
substantially unaltered with respect to the initial one. Recently, this feature has been identified in
several analytical studies on integrable systems [2, 3, 37, 38] and a physical interpretation has been
given in terms of quasi-particles [2, 3]: while driving the system out of equilibrium, the quench
is injecting energy into it, which corresponds to the production of excitations; clearly, the latter
will appear uniformly throughout the system. On the other hand, they will turn out to be entangled
(and thus, correlated) only on typical length scales of the order of the initial state’s correlation
length &,. After the quench, they will start propagating with a group velocity v effectively dictated

6
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by the dispersion relation, i.e., by the spectral properties, building up correlations in their paths.
Very recently, these light-cone effects have been observed experimentally in the correlations of a
Bose-Hubbard chain [39], as reported in Fig. 2.3.
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Figure 2.3: Light-cone effect in a Bose-Hubbard chain for the parity 5; = "™ of the occupancy
n; of the j-th site of the optical lattice. The plot shows the two-point parity correlation C4(f) as a
function of time for different distances d after a quench in the depth of the optical potential. Blue
symbols represent experimental data, whereas green solid and black dashed lines stand for numerical
and analytical predictions, respectively. In the inset, experimental data for Cy is used in a color map
in order to highlight the light-cone structure. This figure has been adapted from Ref. [39].

The strong constraints posed by the unitarity of the evolution make the problem of quantum
relaxation even more subtle than its classical counterpart, as actual thermalisation cannot really
occur in closed systems [40]: this is readily understood by considering the dynamics of a system
governed by a Hamiltonian H starting from a generic pure state p; = |y) (y| with average energy
E = (y|H|y): clearly, the unitary transformation U; = e A" (with i = 1) — associated with the
quantum evolution — can never turn p; into a thermal distribution ps = e BEJH /Z, as the latter is
a statistical mixture with tr{pj%} < 1 (for B~ # 0), whereas the identity

1=tr{p?} :tr{piZU,TUt} = ZETmtr{U,pizU:} =tr{p;}

always holds. Therefore, one may look for signs of thermalisation only in an effective sense [41],
which involves focusing on a suitable set of macroscopic observables whose expectations, in the

7
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long-time limit, are equivalently captured by the thermal distribution, its temperature determined
by the energy set by the initial state [41, 42]. On the other hand, this picture is not universally
valid: from the point of view of statistical inference, one can think of the thermal ensemble as
being the best estimate that can be given for a system’s properties by relying only on the knowledge
of the internal energy. However, there are systems displaying non-trivial conservation laws which
increase the amount of information that cannot be lost during the course of the evolution. In
particular, integrable systems are characterised by having an extensive amount of independent
integrals of motion, which are sufficient to completely solve the related models. Accounting for
them, one can construct the corresponding highest entropy state [43], which is usually referred to
as generalised Gibbs ensemble (GGE).

As a matter of fact, evidence has been found of a significant interplay between integrability
and effective relaxation in quantum systems. Figure 2.2(b) represents a recent experimental con-
firmation: the system, which consists of two bosonic clouds with different momenta trapped in
an harmonic potential, shows no clear sign of energy redistribution among the modes even after
many scattering events. This behaviour hints at the presence of conservation laws far more strin-
gent than the ones on total energy and momentum. The current understanding is that effective
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Figure 2.4: Long-time (main plots) and early-time (insets) evolution of the momentum distribution
n(g,t) in an infinitely-dimensional Fermi-Hubbard model for fixed value of the energy € = 1.486.
Green lines correspond to analytical calculations in a short-time expansion, blue ones to a numerical,
non-perturbative solution of the quantum Boltzmann equations and red ones to the solution of said
equation in a long-time approximation. The tiny arrows on the right of each plot indicate the final,
thermal values. (a) Strong integrability breaking: prethermalisation is absent, because the system
equilibrates too fast. (b) Weak integrability breaking: a prethermal plateau is clearly highlighted in
the inset, which is subsequently left while the system proceeds towards thermalisation (reached for
t = 1500). This figure has been adapted from Ref. [44].

thermalisation may be observed only in non-integrable systems [45—48], whilst integrable ones are
expected to display a GGE-like behaviour in the long-time limit [41, 48-50]. In the presence of
a weak integrability-breaking interaction, though, a richer structure is bound to appear, as illus-
trated in Fig. 2.4; it is in fact reasonable to assume that the initial phase of the dynamics will still
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be dominated by the integrable part of the Hamiltonian; as a consequence, a two-stage relaxation
emerges [51]: first, the system is brought close to the GGE corresponding to the integrable part,
which thus represents an intermediate, metastable state; then, on time scales which depend on
the strength of the interaction, scattering between the quasi-particles becomes relevant enough to
drive it away from its neighbourhood and towards thermalisation. The first half of this process has
been called “prethermalisation” and has very recently been observed in both experimental [52] and
theoretical/numerical [44] studies.
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3 Surface critical dynamics

Our general understanding of the thermodynamic properties of real materials has been primarily
built upon translationally-invariant descriptions of their bulk behaviour, which is effectively de-
scribed by means of infinitely-extended models. As a matter of fact, although any real sample
is necessarily finite, its bulk features can still be captured within such a framework, as long as
the system is large enough and the focus is kept far from the surfaces; the latter introduce indeed
corrections in the picture, which however can typically be neglected: intuitively, in a system with
N constituents (e.g., atoms or molecules), the size of the portion in the proximity of the bound-
aries scales as N %, and is therefore subdominant with respect to the bulk features (e< N) in the
thermodynamic limit N > 1. On the other hand, as miniaturisation techniques advance, mak-
ing us capable of crafting increasingly smaller devices, boundary effects become progressively
more and more important. As a consequence, the physics of surfaces and interfaces has attracted
in the past decades an increasing interest, concerning systems at equilibrium [24, 53] as well as
non-equilibrium dynamical processes [23], since applications may generally involve changes in
the external control parameters. Describing these features requires in principle the knowledge of
many microscopic details and specific material properties which vary widely from system to sys-
tem. However, as we have already mentioned in the Introduction, circumstances may be found
in which collective phenomena emerge, making only few coarse-grained, mesoscopic properties
relevant. As a matter of fact, it is now well-established, both theoretically and experimentally, that
the behaviour of statistical systems close to continuous phase transitions can be characterised by
just a limited set of quantities, such as exponents and scaling functions, which depend only on the
range and symmetries of the underlying interaction and on the dimensionality of the space. All the
microscopically different systems sharing these same gross features form the so-called universality
class of the transition. Universality also provides a powerful prescription for investigating contin-
uous phase transitions, since it is sufficient to study just one representative system in order to gain
information on the whole class it belongs to. Moreover, the various thermodynamic and structural
properties are known to show, in the neighbourhood of the critical point, leading algebraic be-
haviours characterised by common exponents, which can be therefore considered the hallmark of
the transition. In turn, upon approaching it and provided it is not of topological nature [54-56], the
relevant contribution to the various thermodynamic quantities is effectively determined by the fluc-
tuations of the so-called order parameter ¢ (e.g., the local magnetisation for an Ising ferromagnet).
The behaviour of the latter highlights a phenomenon known as spontaneous symmetry breaking, as
it typically vanishes in one phase and takes one among multiple, equivalent (non-vanishing) values
in the other [10].

11
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The emergence of universality is currently understood within the framework of the renormali-
sation group (RG) [10, 11, 57], which stands among the most important theoretical achievements
of the past fifty years. RG transformations effectively act upon the scale at which a system is
described, ideally providing a connection between the interactions among the microscopic con-
stituents and the effective theories based on coarse-grained properties which emerge at a meso-
scopic level. In the proximity of a continuous phase transition, scale invariance ensues due to
the divergence of the correlation length & of the fluctuations of the order parameter; not too far
from the critical point, £ is much larger than the microscopic scales and typically constitutes the
only mesoscopic length-scale present. In such a context the RG reaches a fixed point, since, upon
changing the scale, it cannot but map the original model onto itself. Hence, the behaviour the
system displays at space and time scales larger than the microscopic ones must be dictated by fea-
tures which are not specific to the scale chosen, such as the ones mentioned above. These features
constrain the form of the free-energy

F =F(uj,up,uz...) =V fyur(up,uz,us...), 3.1

which generically encodes all the relevant thermodynamic information. In the expression above
V stands for the volume of the system, fp,x = ‘}im F/V is the free-energy density and each u;

denotes a control parameter — e.g., the temperature or the magnetic field for a ferromagnet— or,
more commonly, the distance from its critical value. The phase transition corresponds to a point
of non-analyticity for F'; because of the self-similarity discussed above, its singular part Fj;,, must
display homogeneity under dilatations; therefore, by rescaling the system by a factor b close to a
phase transition, the identity

ﬂing<u1,u2, us.. ) = b_dFSing(ulbyl,uzbyz, w3 .. ) 3.2)

must hold, where y; = u; is called the scaling dimension of the corresponding parameter (or scaling
field) u;. Among the latter, only those with y; > 0 can cause the breakdown of this picture, as
the transformation above brings them further away from their critical values; for this reason they
are referred to as relevant, whereas those with negative dimension y; < 0 are called irrelevant
and the ones with y; = 0 marginal. This reflects the fact that typically, at mesoscopic scales, the
leading behaviour displayed by observables is determined by the first ones, which are therefore
the only “relevant” ones for the description of the system. The non-analytic behaviour of Fy;, is
unavoidably reflected on all the physical observables which can be obtained by deriving it. For
example, ferromagnetic systems, which are generically characterised by having only two relevant
parameters, i.e., the temperature u; =t =7 — T and the magnetic field u, = h, display a well-
known algebraic singularity )y ~ ¢~ 7 in the magnetic susceptibility when the critical temperature is
approached (¢t — 0). This emerges quite naturally in this picture because J is defined as

X = (FF (1) =g = b~ (9 Foing (10 ,h0™)) |j—g = b~ 0 EG (167,0).  (3.3)

sing

Now, by fixing b = /% one finds that indeed y ~ r~Y with an exponent

2yh—d
Y= :
Vi

(3.4)

12



Surface critical dynamics

In an analogous fashion, one can extract the algebraic dependence of other relevant observables on
t and h, therefore re-expressing the corresponding critical exponents in terms of y;, y; and of the
dimensionality d. In particular, this means that in this specific case there are only two independent
universal exponents. Typically, in addition to 7y, one introduces the set of exponents 3, v, o and &
which enter the scaling laws [10, 11]

le'ﬁ, éwt_‘/? Cle_a (h:(),t—>0)7

(3.5)

m~h'%  (h—0,1=0),
for the magnetisation m, the correlation length & and the specific heat ¢y as functions of the tem-
perature, and the magnetisation as a function of the magnetic field, respectively. They correspond
to

d— 1 d
p=2" vy~ gq=2-% §=_2 (3.6)
Yt Yt YVt d—yn
and one can easily reconstruct (hyper-)scaling relations between them such as
2—a=dv=2B+y=B(6+1). (3.7)

At mesoscopic scales, the underlying discrete structure of the lattice becomes inconsequential,
and an effective description in terms of fields on a space-time continuum can be adopted; in such
a field-theoretical context, the divergences mentioned above are associated to the short-distance
(ultraviolet, UV) singularities appearing when evaluating expectations at the same point in space
[11], e.g.,

G(6,3) L1y = (P P()) [y o (x—y) 772, (3.8)

where 1 is called the anomalous dimension of the field — as it measures how much its scaling
dimension deviates from the mean-field (or “naive”) one — and is related to other critical exponents
by scaling laws such as

B Y

—=d-2 d 2—-n=-=-. 3.9
: +n, and 2-m=- (3.9)
In the opposite limit, i.e., for large distances, one finds instead an exponential decay

[x—y]

G(x,y)e<e ¢ (3.10)

which is commonly employed as a definition of the correlation length £&. When £ — o the algebraic
behaviour in Eq. (3.8) extends to the whole space; thus, one can relate the emerging infrared (IR)
singularities associated to the phase transition to the UV ones introduced above. For this reason,
the field-theoretical approach primarily developed in the context of elementary particle physics can
be conveniently employed for the study of critical phenomena [11].

In the following, in Sec. 3.1 we briefly recall the main concepts behind the extension of the
renormalisation group to systems with boundaries, both of spatial and temporal nature. In Sec. 3.2
we introduce our model, which displays breaking of both space- and time-translational invariance;
we discuss our analytical predictions and our numerical findings. Finally, in Sec. 3.3 we summarise
our main results.
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3.1 Critical phenomena at boundaries

Being originally devised for describing the behaviour of unbounded, uniform systems, the renor-
malisation group has been subsequently generalised in order to account for the finiteness any real
sample displays, which enforces an upper bound upon the correlation length [58] and smooths the
typical algebraic singularities one would otherwise encounter. Furthermore, it has been extended
to capture the features which emerge in the proximity of flat surfaces [24, 53]. We wish to remark
that such an approach is conceptually different from the study of finite-size effects: this last case,
in fact, depicts a situation in which the correlation length & becomes comparable with the size of
the system L; critical surface effects, instead, are localized in a region of the system which lies
within a distance from one of the boundaries smaller than &, which is in turn kept much smaller
than L. In such a context the breaking of translational invariance plays a fundamental role, leading
to the appearance of novel universal features, as we will explain in Sec. 3.1.1. On a different note,
since this choice implies that the effects of the other boundaries are negligible, the system can
be effectively treated as if it were infinitely-extended along all directions running parallel to the
considered surface.

Within the RG approach, a new set of relevant parameters has to be introduced in order to
account for the gross features of the boundary, such as local magnetic fields and variations in the
boundary interaction strength with respect to the bulk. Accordingly, subleading terms depending
on them must be included in the free energy (3.1), which becomes

F =V fou(t,h) + S faurp(t, houl,u3, . ..), (3.11)
where § is the area of the surface and u; denotes one of the new scaling fields. As a result, novel
singularities might emerge upon approaching the boundary, which split the original universality
class in surface subclasses characterised by a set of boundary exponents and scaling functions
associated, e.g., with the algebraic behaviour of the correlation functions in its proximity [24, 53].
In general, these exponents cannot be inferred from the bulk ones. A number of analytical [59—
61], numerical [62, 63] and experimental (see, e.g., Ref. [64]) studies investigated primarily semi-
infinite and film geometries, whereas wedges, edges [65, 66], as well as curved and irregular
surfaces [25, 53] were studied to a lesser extent. In Sec. 3.1.1 we will briefly summarize the basic
concepts used in the field-theoretical approach to semi-infinite systems. Universal features emerge
also in the dynamic behaviour at equilibrium (both in infinite and finite systems) [67] and out
of equilibrium [23]; in this context the universality class is further split depending on the gross
features of the dynamics, such as the possible global conservation of the order parameter [68, 69].
In Sec. 3.1.2 we shall recall the relationship existing between this dynamical framework and the
static one in the presence of boundaries.

3.1.1 Spatial surfaces

It is a well-known fact that the phase transition belonging to the so-called O(n) universality class,
which effectively describes the collective properties of ferromagnetic materials, is described in the
continuum by a ¢* theory with Landau-Ginzburg effective free-energy density [10, 11]

1 /= \2
Hlg) =3 (Vo) +2¢7+ 2 (7). (3.12)
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where @ is a vector composed of n scalar fields ¢;, g > 0 and r o< T — T,.. Note that, despite its
name, this function does not coincide with the actual free-energy (3.1); the latter can be however
obtained from the former by integrating over the possible configurations of the fields, as depicted
by Eq. (3.13) below. For the ¢* model, the upper critical dimension, above which mean-field
theory becomes exact, is d = 4. In its proximity, no terms of higher degree in ¢ are needed
since their scaling dimensions are negative. This is readily proved by taking into account that
the effective action S = [ d“x.%#[¢] is scale invariant, which implies that the scaling dimension of
the field is [@] = (d —2)/2, so that the coupling of a generic term c,¢>" has dimension [c,] =
d —n(d —2), which for d ~ 4 is positive only for n < 2.
In the case of semi-infinite systems, the partition function in general takes the form

z=e - | %pexp{— Jat s [“av o) - [ dd-lx%vp(?,on}, (3.13)

where x| is the coordinate orthogonal to the surface and the second addend at the exponent is a
boundary term responsible for the breaking of translational invariance along it. The latter gives
also rise to the surface part fj,, s of the free-energy (3.11). Taking the functional derivative of the
total action with respect to the components of the bulk field ¢;(7,x, ) and of the boundary one
¢i(7,0) one obtains the equations of motion

(—V2+r+§¢2> ¢ =0 (3.14)
and 5
, _ d-1
O @ilx, =0 5¢i(xL =0) /d x4, (3-15)

respectively, the L.h.s. of Eq. (3.15) coming from integration by parts of the Laplacian in Eq. (3.12).
This highlights the fact that the properties of the surface are effectively encoded in the typical be-
haviour the order parameter shows in the proximity of the boundary; within a mean-field descrip-
tion, this is entirely captured by suitable boundary conditions such as Eq. (3.15). By applying the
same arguments used above for .7#° one can show that the only relevant terms compatible with
the Z, symmetry ¢ — —¢@ which can appear in .74 are co@?/2 and c1 @, | ©; thus, the boundary
conditions become

0:Qi |, —o = coPi(x1 =0) + 19, @i [, o, (3.16)

which can be rewritten as c
0

O, il —0= @i(x; =0), (3.17)

1-— C1
thereby showing that the effect of the term proportional to ¢; amounts just to a suitable renormal-
isation of cp and can effectively be disregarded. This argument, which is based on a mean-field
description, can be generalised to every order in a standard perturbative expansion by applying it
at the external legs of any given Feynman diagram [59]. Consequently, the boundary term .7¢{ can
be conveniently restricted to the form
[
A 9] = 509" (3.18)
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Despite its simplicity, non-trivial consequences emerge because of its presence. In a mean-field
approximation, one recovers the phase diagram qualitatively represented in Fig. 3.1, which exhibits
a richer structure than the one found for infinite systems. In addition to the usual phases in which

2, SO/BD

/<
— SO/BD
extr D

O/BO

ord

Co,sp
Co

Figure 3.1: Qualitative temperature-surface enhancement phase diagram of the O(1) model. Here S
stands for “surface”, B for “bulk”, O for “ordered” and D for “disordered”. The point c¢ s, denotes the
tri-critical special transition. For cg > ¢, one identifies only the ordinary transition (ord), whereas
for ¢ > ¢ 5p the surface undergoes ordering at a higher temperature 7, than the bulk, identified by
the critical line denoted as “surf”, while the bulk still becomes critical at T = T, (extr). For n > 1
this picture is valid only in dimension d > 3, as continuous symmetries cannot undergo spontaneous
breaking for d < 2, thus no surface transition can occur [70].

the system is ordered (O) or disordered (D) as a whole, a third one appears which displays a
magnetised surface (SO) and a paramagnetic bulk (BD); the latter emerges when the coefficient
co, often referred to as surface enhancement, as it accounts for the difference of the interaction
between the surface and the bulk, is smaller than a threshold value cq,. Four different phase
transitions can thus be encountered by varying the temperature. For ¢y > ¢ 5, the interaction at the
surface is not sufficiently strong to let it acquire an ordered configuration at a higher temperature
than the bulk. Thus, the boundary becomes critical when the bulk does, as long-range correlations
at the surface build up as a consequence of the ones emerging inside the sample; this transition
is referred to as ordinary. Under RG transformations co flows to 4o, which, when applied to
Eq. (3.16), produces Dirichlet conditions

P(x, =0)=0 (3.19)

for the order parameter. For the ordinary transition, the critical point cp = 4o remains the same at
every order in the perturbative expansion; therefore, even when fluctuations are accounted for, the
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boundary condition (3.19) holds. For ¢y < ¢y ¢, instead, the surface becomes critical at a temper-
ature T,; > T¢; the corresponding surface transition reflects the properties of a bulk transition in a
(d — 1)-dimensional system, which can be understood by taking the limit of vanishing interactions
in the bulk, therefore making the boundary a truly independent system. Note that, for the surface
transition to be observed, it is necessary that d > d;. + 1, d;. being the lower critical dimension
below which no transition can occur. In particular, the Mermin-Wagner theorem [70] forbids the
existence of spontaneous breaking of continuous symmetries for d < 2; as a consequence, the sur-
face transition can be present in O(n) models only in d > 4, with the exception of n = 1 (the Ising
universality class, which corresponds to a Z, discrete symmetry) which admits it also for d = 3.
Lowering the temperature down to 7, the bulk is then subject to ordering in the presence of an
already magnetised surface, giving rise to the so-called extraordinary transition. The latter has
also been proved to be equivalent [71] to the normal transition which takes place for ¢y > cq ), in
the presence of a strong magnetic field /; localised at the surface. Finally, the intersection of the
critical lines identifies a tri-critical point co = cq,s, and a corresponding special transition. Within
a mean-field description, ¢ s, = 0 gives rise to Neumann conditions

. @y, _o=0. (3.20)

One has however to take care of the fact that this critical point is not known to all orders in pertur-
bation theory, as in the case of the ordinary transition [53]. Still, one can apply Eq. (3.20) to any
regularised (bare) function. In this case cp flows to a renormalised value cfp which generically de-
pends on the chosen regularisation; in particular, within a dimensional regularisation scheme (such
as the one employed in the following Sections) it vanishes at every order. In real systems, in gen-
eral, sharp conditions such as the ones in Egs. (3.19) and (3.20) above will not be observed, as in
the very proximity of the surface the microscopic structure of the system, such as the configuration
of the lattice, ceases to be inconsequential. On the other hand, since they are associated to mi-
croscopic scales, these effects are typically sufficiently small not to spoil the entire discussion and
their effect can be understood in terms of a shift from the ordinary (co = +o0) or special (cyp = 0)
fixed point to A !, where A is usually referred to as extrapolation length [24]. The implications of
imposing an effective condition

1
A Pl 0= Tp(n =0) (3.21)

may be inferred from Fig. 3.2: the magnetisation profile is slightly modified near the surface, while
it remains substantially the same in the bulk. Its tangent at x | = 0 identifies the extrapolation length
on the horizontal axis. Note that, in the ordinary case, this approximately corresponds to moving
the Dirichlet condition from x| = 0 to an effective distance x| = —A outside of the sample. We
remark that, according to Eq. (3.21), the extrapolation length also provides a description of the
“distance” of co from the actual critical point and can thus constitute a mesoscopic length scale
[24, 53].

The discussion above highlights a typical example of the aforementioned subdivision of a uni-
versality class; as a matter of fact, the critical behaviour of bulk observables is the same in every
subclass, whereas surface quantities, such as the magnetisation m; at the surface or the associated
susceptibility )1, show distinctively different algebraic laws depending on the boundary transition
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(a) (b)

Figure 3.2: Qualitative representation of typical magnetisation m profiles as functions of the distance
x, from the surface expected in real materials for (a) the ordinary and (b) the special transition. The
black solid lines exactly obey Dirichlet and Neumann boundary conditions, respectively. The red
ones sketch the deviation from the theoretically-expected profiles. The red, dashed lines highlight the
slope of the solid ones of the same colour at the origin and identify the extrapolation length on the
horizontal axis. Here m,;, denotes the magnetisation in the bulk and m; the one at the surface.

considered. Moreover, corresponding observables in the bulk and at the surface do not typically
share the same critical exponents: for example, for the Ising (n = 1) ordinary (co — +o°) transition
in two dimensions one can find analytically

{mN(TC—T)ﬁ with =%

my ~ (Tc — T)ﬁl with ﬁl = % 6:22)
This difference is usually understood in terms of a short-distance expansion (SDE) [53, 61] of
the corresponding operator, which is conceptually not too different from the operator product ex-
pansion (OPE) which has been introduced in scale-invariant field theories [72—74]: considering
the whole class of surface operators {07}, a generic bulk field ¢ (7,x, ) can be rewritten, when
approaching the boundary (i.e., for x| — 0), as a linear combination

0(Fx1) =) Bi(x1) G} (F), (3.23)

where the coefficients B; entirely enclose the asymptotic dependence on x . In particular, since
every term of the series on the r.h.s. must have the same scaling dimension [@] as the Lh.s., we find
that

[Bi(x,)] = (9] = [47]. (3.24)

At the critical point & — oo; consequently, the only length-scale entering the definitions of the B;s
is the distance x| from the surface, which implies that

Bixy) = b 10, (3.25)
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where each b; has now vanishing scaling dimension. For example, in a mean-field approach
Eq. (3.23) corresponds to the Taylor expansion

O(Fxs) = Y bixy (3,)'0(Fx) |, —o- (3.26)
i=0

where however the constants b; have to be fixed according to the specific boundary conditions,
e.g., bo = 0 for Dirichlet (ordinary) ones and »; = 0 for Neumann (special) ones. This expansion
is meant to be valid when performed inside any average and is clearly dominated by the non-
vanishing term corresponding to the surface operator ¢; with the highest scaling dimension. In
the same mean-field setting as above, that would be ¢(7,0) in the special case and its normal
derivative dx, ¢(F,x1) |, _¢ in the ordinary one. Once the bulk features are known, one can also
make use of the SDE to retrieve the boundary critical exponents from the asymptotic behaviour of
the corresponding observables. For example, for the magnetisation in Eq. (3.22) one would find
Bi-B

(p(xr)) =x, " (1) (x1 —0); (3.27)
knowing both bulk exponents 3 and v one can easily retrieve 3; by studying the power-law be-
haviour of (¢(x)) upon approaching the surface, which is described by the formula above.

In order to understand how new divergences can be generated at the surface, we need to pro-
ceed beyond the mean-field level (see also Ref. [53]). We shall consider for simplicity the first
non-trivial order in a perturbative expansion of the ¢* theory (3.12), i.e., the “tadpole” Feynman
diagram in Fig. 3.3, although the following considerations are valid in general. We shall also

q

X y
ko &
Figure 3.3: Tadpole diagram, corresponding to a graphical representation of the convolution (3.31).
Each line stands for an unperturbed propagator G(©), each vertex for a set of coordinates.

restrict ourselves to the vicinity of the upper critical dimension d = 4. First of all, we wish to
calculate the O-th order two-point function, i.e., the free propagator

GO (7, x:7,y) = GO (F —Farx,y) = (@(F1.0)0(F2,))) 4 (3.28)

where x and y denote the distances from the surface. G(?) obeys the equations of motion (3.14) and

(3.15) with g = 0 and is more conveniently written in a mixed momentum-space representation

(k,x | ) which keeps in coordinate space only the direction orthogonal to the surface [53, 59, 60]:
~(0) /7 1 > O — €0 ~(0)

_ _ O —cy _ ~(0) -
GO (Fyx,y) = — e @bl K Oe-on(ety) | — GO(Fx —y) 4 G\ (fox+y),
(k;x,y) o p— b ( y) o cob ( y)
(3.29)
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where we introduced the notation @, = v'k% +r. Note that indeed, for ¢y — +o and ¢y = 0 one

recovers the structure GE(JO) (x—y)F Gl()o) (x+y) dictated by the method of image charges for Dirich-

let and Neumann boundary conditions, respectively, where the “bulk propagator” G,(jo) reproduces
the two-point function for infinite systems. As we have mentioned above, we are mainly interested

here in the short-distance (ultraviolet) singularities of this function, which emerge for ‘75‘ =k — oo,

In this limit, the factor (@ — co)/ (@ + co) asymptotically reaches 1 and its dependence on k can
thus be neglected. Thereby, we can rewrite

GO 7 —Faix,y) ~ GO (F = Fasx—y) + G (71 — Fasx+), (3.30)

separating the “bulk” from the “surface” contribution. Upon integrating over the three-dimensional
vector , GZ()O) (x —y) displays a singularity for every x = y, whereas GI(JO) (x+y) requires the more
stringent condition x = y = 0, i.e., both points must be located at the boundary. Introducing a
momentum cutoff A to such an integral, it is easy to see that both divergences are of order A2,
which is consistent with Eq. (3.8) (here 1 = 0 since at this level we are considering the non-
interacting theory). Now, consider the tadpole contribution to the propagator depicted in Fig. (3.3),
which is proportional to the convolution

~ oo -1, -
G“)(ﬁ—f’z;x,w“/o dz/(;TflG(‘”(ﬁ—?;x,z)G<0>(0;z,z)G<°>(?—r3;z,y). (3.31)
T

Separating the central part, i.e., the bubble in Fig. 3.3, into its “bulk” and “surface” contributions,
one can see that the first produces the usual A? divergence which renormalises the parameter r
(often referred to as “mass”, in analogy with a particle physics context). The second, instead, is
regular for any z > 0 and therefore does not receive any divergent contribution from the integration
over this coordinate; as a consequence, its degree of divergence is generally lowered by 1, i.e., it
is of order A and can be reabsorbed as a renormalisation of the surface enhancement c¢y. On the
other hand, if we move one of the external points to the surface (e.g., x = 0), the corresponding
external leg becomes singular too for z = 0 and can in principle contribute an additional singularity.
In order to estimate its degree of divergence, we consider that cutting the corresponding external
leg should recover the one found above, i.e., A [53]; this operation corresponds to removing the
intrinsic singularity of the two-point function o 1/k%, which increases it by 2, and removing the
relevant integrations (excluding the one in the orthogonal direction, which does not contribute),
which decreases it by 3. Thus, the degree of divergence is further lowered to 0, i.e., a logarithmic

1
singularity is found which corresponds to a renormalisation of the boundary field ¢; — Z; ¢.
Actually, since in general also the bulk field is subject to a renormalisation, the typically-employed
convention corresponds to

1
0219, ¢ —ZZ%¢, (3.32)

which distinguishes between the two effects. The surface order parameter exponents have been
calculated in a dimensional expansion d = 4 — € around € = 0 for both the ordinary [60] and the
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special [59] transitions up to the second order, and found out to be

3 3(n+2)(12—n) ,

ord = 1— — o (&), 3.33

Prora 218 suesy © TOE) (3.33a)
1 (n+2) , ;

Prsp=5—4€ "t 8 +0(€). (3.33b)

It has to be noted that the introduction of boundaries produces another non-trivial consequence:
due to the breaking of translational invariance, the one-particle-irreducible (1PI) formalism is not
sufficient anymore to completely renormalise the theory [53, 59]. Consider in fact, neglecting for
simplicity the directions parallel to the surface, a non-1PI contribution A(xy,...x,,y1,...Ym) to @
(n+ m)-point function; by definition, A can be written as

AX1, o X V1 ym) = B(x1, ... %) GO (. 31) % C 1, .. vm), (3.34)

where * denotes convolution. Equation (3.34) corresponds to the graphical representation in
Fig. 3.4. Clearly, if translational invariance holds, the expression above can be rewritten as

Figure 3.4: Example of a non-1PI diagram, representing expression (3.34) for n = 6, m = 4. Cutting
the line in the middle disconnects the graph.

A=B(x2—Xn, .. X1 — %) * GO (xy = y1) ¥ C(y2 = Y15+ . Ym — V1), (3.35)

and, upon performing a Fourier transformation, the convolution becomes a product; therefore, as
long as the divergences of the terms B and C are separately cured, A remains regular. In a non-
translationally-invariant framework, instead, this argument does not hold.

3.1.2 Temporal boundaries

A quench of the system’s temperature (or any other control parameter) breaks time-translational
invariance — a characteristic symmetry of stationary states — in the same way as a surface breaks
space-translational invariance; as a matter of fact, as long as the change can be considered instan-
taneous, it effectively introduces a sharp temporal boundary for the evolution [23, 75]. The subse-
quent non-equilibrium dynamics is typically affected by the memory of the initial state and, in cer-
tain circumstances, it is also responsible for the later occurrence of ageing phenomena [20, 23, 75].
Within this framework, the “early-time” dynamics becomes akin to the behaviour of equilibrium
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quantities close to a spatial surface; therefore, it is natural to pose the question whether it is possible
to apply the same RG techniques briefly reviewed in Sec. 3.1.1 to the present case. For simplicity,
also in this Section we shall focus on the ferromagnetic O(n) models, whose thermal stochastic
dynamics can be described by a Langevin formalism [68] such as

—Q—— +n;, (3.36)

where Q acts as a diffusion constant, 1;(7,¢) is an n-component white Gaussian noise with zero
mean and variance

(i 0)n;(5,5)) = 28;; QkpT & (X—5) 5 (t — 5) (3.37)

which accounts for the thermal fluctuations induced on the system by an external bath at fixed
temperature 7', and .77 is the Ginzburg-Landau energy density (3.12). For simplicity, below we
will set kgT = 1. Equation (3.36), which corresponds to “model A” according to the classification
of Ref. [68], describes an evolution which does not preserve the order parameter ¢. Other dy-
namical prescriptions include conserved order parameters (model B), coupling to conserved fields
(model C) and more elaborated ones, such as the description of the universal behaviour of gas-fluid
mixtures (model H), superfluid helium (model F) or Heisenberg antiferromagnets (model G).

It is now well-established that a Langevin equation can be recast in a path-integral formalism
by a suitable transformation [19, 76-78], which we review shortly in App. 3.B. This requires
the introduction of an auxiliary n-component field ¢; and produces for our choice a generating
functional of correlations

Z[J,J] = / DD H e S09-I9-1¢ 2, 9] (3.38)

where 7, is the probability distribution of the field ¢ at time ¢ = 7o and J, J are external sources,
while the shorthand notation J - ¢ stands for

Joo= [ a / Al J(%,1) @(%,1). (3.39)
Iy
In Eq. (3.38) the effective action S is given by
~ (7 dof~T. N 8.2 ~
slg.)= [ o [ae{a[ora(-V)praiee] -0}, G40
0

where the sum over repeated indices is understood. This expression can be slightly simplified by
rescaling time according to r — #/Q. Note that, by doing this, we are actually intermingling the
renormalisation of Q with that of time scales; however, since we are primarily interested in the
behaviour at boundaries, we can safely relinquish the distinction between these two effects. This
rescaling yields

sto.01= | o [e'x {6 [0+ (- V) ot So%] -7} (3.41)
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By introducing a source term A;@; in the free-energy density (3.12), it is not difficult to see that it
is mapped into 4;@; in the action (3.41). This means that obtaining the linear response of a certain
observable (@ (t1) ...}, (1,)) to an external perturbation h;(s) amounts to calculating

%(S) (05, (11) - 0, (1a)) = (@ (11) - 0, (ta) Bi(5) ) , (3.42)

which justifies the name of response field attributed to ¢. Moreover, causality requires that no
response be observed before a perturbation is applied; therefore, a generic expectation

(@, (t1) - 05, (ta) i, (51) - .. i () ) (3.43)

identically vanishes whenever max {t j} < max {s;}. In particular, out of three different two-point
J i

functions which can be constructed with two commuting fields, only two are not identically 0,
namely the correlation function C(X;z,s) = (@(X,1)@(0,s)) and the response function R(X;z,s) =
(9(%,1)0(0,5)).

If one is interested in the asymptotic stationary state, the limit f) — —co can be taken and &,
disregarded, as the relaxational dynamics will erase any memory of the initial state in the long-time
limit. Our interest here is focused instead on the evolution close to the initial point, which in the
following we will conventionally set to ) = 0. In order to highlight universal features, we shall
consider a quench to the critical temperature 7, which can be effectively obtained in dimensional
regularisation by setting » = 0 in Eq. (3.41) [11]. From expression (3.41) one realises that the
scaling dimension of time differs from the one of spatial coordinates (typically taken as reference,
i.e., —1); in particular, the mean-field dynamical exponent is z = 2 [23]. Consequently, the naive
dimensions q_2 di2

[pl=—— [ol=— (3.44)
for the order parameter and the response field can be derived. The initial distribution &7 is in
general a complicated function of its argument, but one can employ RG arguments similar to the
ones used in the previous Section to retain only the relevant part. First of all, we assume that it is
regular enough to be rewritten as

1 1 d
Pylo] = ——e 50 = ¢ [ ExHl0], 3.45
0 [¢] % % (3.45)
where 2y = [D@— e %0 is a normalisation factor which ensures that &7, describes indeed a
probability, i.e., [D@—g Py = 1 and 7 is a functional which admits a power-series expansion
in terms of @; secondly, we also restrict to initial states which do not explicitly break the O(n)
symmetry. As a consequence, one finds

= Tn—1 o, T T
Al = L 5107 =3 0 gyt (3.46)

(

from which, using Eqgs. (3.44), one can determine that [7,] =2 —n(d — 2). For d = 4 this implies

[T0] = 2, [71] =0, [T)] <0 Vn>1, (3.47)
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i.e., the quadratic term is the only relevant one. In principle, one should also take into account

the marginal, quartic one, but, as we wish to keep the discussion as simple as possible, here we

shall follow the example of Ref. [23] and neglect it. From a physical perspective, this amounts to

requiring that at # = O the system be far from criticality, which implies that the introduction of the

quartic term is irrelevant for the description, as the quadratic one dictates the behaviour. Therefore,

if the initial state is sufficiently similar to the one described by
1 5

I = 7@

> (3.48)

we can expect the universal features extracted by the RG to correctly capture the main properties
of the dynamics already in its early stages. Equation (3.48) corresponds to a Gaussian state with
vanishing mean and extremely short-range correlations

(9000 = [ Do 9(70)p(5,0)e = —-6 (7-3). (349)
effectively represented by a § distribution at the mesoscopic level. Such features denote a highly-
disordered state; in particular, for large 7y Eq. (3.49) effectively captures the features of an infinite-
temperature state. Thus, any quench performed as a sudden cooling from very high temperatures
to the critical value 7, is well described within this framework.

Note that Sy defined in Eq. (3.45) can be regarded as a boundary action at = 0, which makes
the partition function (3.38) substantially analogous to the one (Eq. (3.13)) encountered in the
case of static, semi-infinite systems. The main difference consists in the causal structure of the
dynamical theory: a perturbation in the future cannot affect the past, whereas a perturbation in the
bulk is generally able to reach the surface. On the other hand, this dynamical feature is encoded
in the properties of the response field @, thus the same formalism sketched in the previous Section
can indeed be applied to the present case [20, 23]. In particular, in complete analogy with cq in
the previous Section, one finds that the only possible fixed points for the renormalisation flow of
Tp are 0 and £oo; however, here 7y is involved in the definition of a probability density, hence we
are forced to exclude those values which make it non-normalisable. Because of this, the only one
left is 79 = +oo, which corresponds to the ordinary transition and to Dirichlet initial conditions for
the order parameter

PR,1=0)=—¢(,1=0) — 0. (3.50)

This completely determines the bare propagators of the theory, written here in a momentum-time
representation, which are the previously-introduced correlation

Clkit,s) = <<p(7<’;z)qo(—7é; s)> - k—lz (e—"ZV—S‘ - e—kzﬁﬂ)) 3.51)

and response
R(E:t,5) = ((Fn)§(—Fes) ) = 61 —s)e 1), (3.52)

in which the causal structure is made apparent by the presence of the unit step function 6(¢ — s)
with (¢t < 0) =0 and 6(¢ > 0) = 1. Furthermore, one has to introduce the boundary fields ¢y, @y
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which enter the SDEs of ¢ and @, respectively, and can be identified with

©=0¢|_, and @ =0¢(=0) (3.53)

within a mean-field description. The difference in scaling dimension between the temporal “bulk”
and “surface” defines a new critical exponent 0, usually referred to as initial-slip exponent, which
appears in

o1 ~1'Pn(X) and  §(F.1) ~ 1O Gy() (3.54)

and governs the early-time dynamics of the system. Its value has been calculated up to the second
order in a dimensional expansion (d = 4 — €, € — 0T), which gives [23]

_n+2e 3 n+2 <n+3

= — "4 log2 ) e2+0(&%). 3.55
7184 2 (nt8) n+8+0g)8+ (£°) (3:33)

An example of early-time scaling has already been encountered in Fig. 2.1 in the Introduction. The
fact that the two SDEs above share the same exponent (apart from a shift by 1 due to the presence
of a time derivative) is related to the fact that this model, in the long-time limit, reaches thermal
equilibrium at 7' = T, which implies that the fluctuation-dissipation relation [20]

2,C(t,s)
B R(t,s)

= kpT; (3.56)

is asymptotically satisfied. This can be directly verified — recalling that we have set kg7, =1 —
from Eqgs. (3.51) and (3.52) taking the limits # — oo, s — oo with # — s fixed; as a consequence, the
scaling dimension of @ and d,¢ must be the same, i.e.,

[9(®)] = [dho()] =[e)] +2. (3.57)

On the other hand, by applying the Dirichlet initial condition (3.50) to the equation of motion
(6-v+20%) =25 (3.58)

one finds d;¢; |,_, = 2¢;(t = 0), which implies [@y] = [@]. Note that, since the last equation does
not depend on any scaling parameter and the Dirichlet condition 7y = o does not flow under RG
transformations, the identification of the two dimensions goes beyond the mean-field description
and is actually valid at any perturbative order [23].

3.2 A model with both spatial and temporal boundaries

In order to investigate the subtle interplay between the breaking of space- and time-translational
invariance we have studied a semi-infinite O(n) model quenched from a disordered state to its criti-
cal temperature at time = 0. We have combined analytical and numerical methods for the purpose
of verifying whether effects beyond those resulting from each separate breaking [79] emerge. We
have uncovered, unexpectedly but similarly to the case of a spatial wedge [65], a so-far undetected
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power-law behaviour described by a critical exponent 6 which emerges upon approaching the
effective edge formed by the intersection of the spatial and temporal boundaries.

Consider the Langevin equation (3.36) with a Gaussian white noise that we take to be uniform
throughout the system, as the one in Eq. (3.37). In order to account for the presence of a spatial
surface, we introduce a boundary term in the Ginzburg-Landau effective free-energy density

[(%)2

] = / iy
{x, >0}

+§<p2+%<p4+5(mc—0¢2 : (3.59)

2 2

where we have employed the same notation as in Sec. 3.1, i.e., x| represents the coordinate or-
thogonal to the surface, r o< T — T, describes the distance from the critical temperature, g > 0
constitutes a measure of the strength of interactions in the bulk and ¢ the relative difference with
their counterparts at the surface. As a starting point for the dynamics, we take for simplicity
the same high-temperature state (3.48) introduced in Sec. 3.1.2, thereby choosing not to explicitly
break space-translational invariance from the very beginning. In the following we shall concentrate
on the special (co = 0) and ordinary (co — o) transitions, since they admit a unified treatment,
as they are both cases in which the bulk becomes critical in the absence of an explicit breaking of
the O(n) symmetry. The average order parameter (¢(z)) has been studied in Ref. [79], where it
has been argued that no new field-theoretical divergences should arise at the spatio-temporal edge
(t =0,x, =0). In order to support such a statement, the following argument has been proposed:
on the one hand, the new divergences which appear in an out-of-equilibrium context at the initial
instant are logarithmic in nature (i.e., O (AO) ); on the other, as we have seen at the end of Sec. 3.1.1,
moving a point from the bulk to the surface reduces the degree of divergence by 1. Thus, the cor-
responding novel singularity expected to emerge at the edge (+ = 0,x; = 0) should be of order
(0] (A_l) , which represents an effective way to denote its absence. Although seemingly reasonable,
this argument fails to capture the singular behaviour emerging from the calculation of perturba-
tive corrections, as we show in App. 3.C. We think such reasoning not to be entirely correct and
we propose to revisit the issue in the same light as it has been presented for the case of a static
system with boundaries [53]. Focusing our attention for simplicity on the “tadpole” contribution
in d = 4, corresponding to Fig. 3.3, we first have to subtract from its usual degree of divergence
(A?) the number of relevant integrations lost at the edge, which include one over x, and one over
time. Recalling that this theory has (naive) dynamic exponent z = 2 and therefore time effectively
counts as a squared spatial coordinate, we get indeed A~! for the general degree of divergence of
this diagram. On the other hand, in order to gain insight on the boundary-specific singularities, we
have to consider the effect of removing an external line fixed at the edge; the intrinsic ultraviolet
behaviour of two-point correlation is, in the dynamical case, ~ 1/k* and provides an increase of
order 4. In fact, the Fuorier transform of the equilibrium part of (3.51) with respect to time is

- 2
Clk;o) = —5—F5. 3.60

(k; @) w? + (k2)2 (3.60)
The relevant integration, which is performed along the edge, involves three spatial dimensions and
thus decreases it by 3. The global effect is an increase by 1 which returns a degree of divergence of
o (AO), thereby identifying a logarithmic divergence, compatibly with the results reported below.
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The response function is slightly more complicated; while it is characterised by an ultraviolet
behaviour o k2, one has to consider that, because of its causal structure, the integration over time
is irrelevant already in the “bulk”; therefore, one is losing only one spatial integration. The overall
effect is again an increase by 1, analogously to the case of the correlation function.

3.2.1 Field-theoretical approach

In the response function formalism [76-78] (see App. 3.B), the global action is given by Sror =
S+ So + S1, where the first term corresponds to Eq. (3.41) with 7y = 0, the second describes the
initial state

1
So(@)=5 [ ¢rneir=0) (3.61)
{x1 >0}

and the third is the surface term
$1(0.9) = | dr [a eeoplrs = 0)p(x = 0) (3.62)

which comes from the boundary term o< §(x ) in Eq. (3.59). S| gives rise to Dirichlet and Neumann
boundary conditions for both fields at the ordinary and special points, respectively. We carried out
a field-theoretical perturbative calculation aimed at obtaining both two-point functions

Clk;x,t;y,s) = <QD@; x,1)Q(—k; y7S)>7

. . . (3.63)
RE:x15y.5) = (@R x.0) (K v.s))
in dimensional regularisation at the first order in € =4 —d; as in the previous Sections, we employ
here a mixed momentum-coordinate representation, denoting with x and y the distances from the
spatial surface and with ¢ and s the time elapsed from the quench. In order to simplify the notation,
below we will omit the dependence on the momentum whenever this might not cause confusion.
Beyond correctly reproducing the previously-known results concerning separately each of the
two boundaries x; = 0 and ¢ = 0, this approach highlights indeed the emergence of an additional
dimensional pole o< £~ 1 [11] when the coordinates of the correlation and response functions (3.63)
are fixed at the spatio-temporal edge y = s = 0, analogously to what happens for the static critical
behaviour in a wedge [65]. Adopting the same point of view as the one introduced in Sec. 3.1, these
poles can be associated to new edge operators @g and @ which appear as the most relevant fields
in the short-distance expansions [53] of the order parameter ¢ and the response field @ close to the
edge. In the present case, due to the nature of the boundary conditions imposed, at the mean-field
level we can identify them with

0 =0, p(t,x)) |t:xL:O and @ =¢@(t=0,x; =0) (3.64)
for the special transition and with
O = 00y @(t,x)) |t:xl:0 and Qg =0Jy @(t=0,x)) |xL:0 (3.65)
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for the ordinary one. The corresponding naive scaling dimensions are given by

~ € ~ d+4 €

[(pE]sp = [(pE]sp = T =3- 5 and [(pE]ord = [(pE]ord = % =4- 5 (3.66)
Note that, in contrast with the previous instances, this implies that the corresponding operators
[d?'xhg @g (%) are irrelevant in the RG sense, since [hes, = —€/2 and [hg],,,, = —1 —€/2. This
is similar to the case of the spatial wedge [65], where the edge operator, which controls the leading
behaviour of the correlation function near the intersection of the two (spatial) surfaces, becomes
irrelevant when the angle is smaller than 7. Since, in general, irrelevant operators are known to
increase the degree of divergence when inserted in an expectation [80, 81], this might provide an
explanation to the peculiar behaviour encountered above when fixing the external leg of a Feynman
diagram to the edge. Note that, despite its irrelevance, it stills dictates the leading scaling behaviour
in this regime. In order to write the corresponding SDEs, one has to introduce a generic "radial"
coordinate (Ay)*+ s, where A is a non-universal constant which depends on the units chosen to
measure time and space; this coordinate controls the distance from the edge, so that

0(,5) ~ (A +5) "% pe,  9(,5) ~ (A4y) +5) " P, (3.67)

where we have defined

o= W20 g 01 10] (3.68)

Z Z
The same argument which has led us to identify the exponents in Eq. (3.54) allows one to conclude
that cp = ¢g — 1. Taking into account all the asymptotic behaviours defined by Egs. (3.27), (3.54)
and (3.67), the most general scaling forms one can write for the two-point functions (3.63) are

Bi-B
sy Aeane (S) O (A T (AT L (A (A s
Clx.r2y.5) = Ac(ar)' (2) ((m)i) (T) FC( 7, t) (3.6%)
2 e 6
-0 (A YAy +s\ % [ (Ax) (Ay)*
R(x,tsv,5) =Ar (80" (2) ( (A;;yz> () r (GRS e

where we have assumed, without loss of generality, # > s and introduced Ar = ¢ — s. In the expres-
sions above, F¢ g are scaling functions (depending, inter alia, on the specific surface transition)
with finite F¢ /R(O,O,O) # (0 and such that the usual equilibrium scaling is recovered when t — s
and x — y; the non-universal constants Ag ¢ are chosen such that

The exponents a and a — 1 denote the scaling dimensions of the correlation and response functions,
respectively, once again related by the fluctuation-dissipation theorem (3.56), and can be expressed
in terms of bulk critical exponents as

a:d—l—?zl—n. (3.71)

28



Surface critical dynamics

The exponent Og describes the only effect which is specifically due to the edge; to relate it with cg
defined in Eq. (3.67) we rewrite (Ay)* = ucos o and s = usin ¢ and consider the limit u — 0, which
denotes an approach to the edge for any fixed “angle” «. The asymptotic behaviour of Egs. (3.69a)
and (3.69b) is then given by

. BB
CruE{Q(x,t),pp) ~u' "0t & O (3.72a)
~ B1—B
R~ uE (@(x,1), @) ~u 0w O (3.72b)

which leads to the identification

Bi—B

zV

cp=—1+60-— + 6, (3.73)
where, according to Egs. (3.54) and (3.27), z(—1+60) = [@] — [@o] and —(B1 — B)/ (V) = [@] — [¢1]
represent the initial-slip and surface contributions that would appear even in the absence of novel
singularities localised at the edge. This clearly shows that Og entirely encodes the edge features.
Up to O(¢€), the latter turns out to be [82]

n+2e 1 n+2¢
Oc.sp = (ﬁ_ 1) nrgs 4 Opon=- (1 B ﬁ) n+84 (3.74)

for the special and ordinary transitions, respectively. The factor /3 in these expressions is specific
to the edge: up to the first order in the perturbative €-expansion, in fact, it does not appear in any
other static or dynamic, bulk [11] or surface [59, 60] exponent (see, e.g., Egs. (3.173a), (3.173b),
(3.33a), (3.33b) and (3.55)). Thus, it seems unlikely that 6 could be expressed by means of a
scaling relation in terms of these quantities. Furthermore, in the present picture 8 is the only
critical exponent associated with an edge operator; since this model lacks conservation laws which
could relate the scaling dimension of @g with that of the order parameter ¢ in any other region
(bulk, surface or initial time), the exponent O appears to be an independent one.

Working with the effective radial coordinate ((Ay)+s), as we have done above, involves from
a practical point of view varying simultaneously the time and the distance from the surface and
may seem factitious; in order to highlight what novel effects the edge brings forth in a more easily
controllable context, we now introduce what we refer to as the “edge regime”, which is depicted
in Fig. 3.5(a): x, y and ¢ are fixed such that y < x and y* < ¢ — s, while s varies within the range
¥ < s < t; correspondingly, Egs. (3.69a) and (3.69b) yield

C(...,5)ocs'™97% and R(...,s)ocs 9% (3.75)

where the proportionality constants depend, inter alia, on 7 > s, x*/f and y*/t < 1. Conversely, we
name "short-time" (ST) the regime illustrated in Fig. 3.5(b), in which s is much smaller than any
other (mesoscopic) scale, which can be obtained from the edge regime by moving s to the domain
s < y¥* and in which we find

C(...,s)cxsl_9 and R(...,s)cxs_e. (3.76)
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Figure 3.5: Schematic representation of (a) the edge and (b) the short-time regimes in a space?-time
plot. The two dots indicate the coordinates of the two-point functions (3.63). The dotted and dashed
lines are reported in order to make the comparison between the various scales easier. The red arrows
and text summarise the conditions which identify either of the two regimes.

Note that in the absence of edge effects (i.e., for g = 0) no alteration in the power-law behaviour
could be observed by passing from one of these two regimes to the other [20, 83]; moreover, since
the initial-slip exponent 0 is oblivious of the surface transition, one would not find any differences
between the ordinary and special cases. As we explicitly demonstrate in the next Section, these
considerations can be used to set up an experimental or numerical verification of the presence of
edge corrections to the scaling behaviour of observables; this approach has the significant advan-
tage of not relying on a quantitative comparison with our predictions (3.74) which, coming from a
first-order truncation of the perturbative series, could very well prove not to be accurate enough.

3.2.2 Monte Carlo study of the three-dimensional Ising universality class

While the ordinary transition is always present for d > 2, the special transition can be found in
d < 4 only within the Ising universality class, i.e., for n = 1 [53]. For d > 4 (corresponding to
€ = 0), the mean-field description becomes exact; therefore, since for both transitions the new
exponent O is of order O(¢€), no effects due to the edge are expected to emerge. Hence, we
conclude that the three-dimensional Ising model is the most convenient choice for studying them.
All the other bulk, surface and initial-slip exponents appearing in Eqgs. (3.69a) and (3.69b) have
been extensively studied in the past for this universality class; their numerical estimates, taken
from Refs. [12, 25, 84], are approximately
1 B
a= B (d —1— 2;) ~ (0.4725(4), v ~0.6297(5), B ~0.3274(9), 7~2.04,
Bi ora ~0.80(1), Bisp > 0.237(5), 6 ~0.15.
(3.77)
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By using the standard setup for studying surface criticality [25], we have simulated the Ising
model on a three-dimensional cubic lattice made up of H = 40 consecutive planes with 60 x 60
spins per plane. Within each of these planes, periodic conditions are imposed at the boundaries
to mimic the infinite extension of the system along the directions orthogonal to x ;. In order to
reproduce the two different surface transitions considered above, we have let the coupling constant
between any pair of surface spins J; be in general different from the one defined in the rest of the
lattice Jp,; by setting the latter to J, = 1 the ordinary case is realised for 0 < J; < 1.5, whereas
the special transition is known to occur in three dimensions for J; ~ 1.5 [85]. The system is
prepared at ¢+ = 0 in a completely disordered state corresponding to infinite temperature 7 and
it subsequently evolves at its bulk critical value T, = 4.5115J, /kp with Glauber dynamics. One

=10%y=1,9)

C(x=20,t

100

(a) (b)

Figure 3.6: Time dependence of the correlation function C(x,t;y,s) of the plane magnetisation of
a three-dimensional Ising model evolving with Glauber dynamics after a quench from a completely
disordered state to the bulk critical temperature. (a) The bulk-surface correlation function C with
x=H/2=20and y=1is plotted as a function of s for = 10> sweeps (corresponding to the "edge
regime" discussed in the main text). Data points result from averaging over 5 x 10°> and 3 x 10°
independent runs for the special (red upper dots) and ordinary (blue lower dots) case, respectively.
The black solid lines correspond to power laws with the exponents reported to the right; the parallel
dashed lines, instead, indicate, for comparison, the power law with exponent 0.85 observed within the
short-time regime and predicted by Eq. (3.76). The data points with s < 6 have been disregarded as
they might be affected by microscopic effects. (b) The same plot for various values of the position y.
For the 5 lowermost (uppermost) curves, corresponding to the ordinary (special) transition, y increases
from bottom to top (top to bottom) and takes the sequence of values reported for the ordinary case to
the right. This plot highlights the crossover from the "edge" (y* < s) to the "short-time" behaviour
()* > s), which is common to the two instances. For the ordinary case and y = 4 this crossover can
be observed as a function of s, as highlighted by the thin solid and dashed lines that meet at s ~ (Ay)?,
which yields the indicative estimate A ~ 2.

31



Surface critical dynamics

time step corresponds to one sweep in which on average every spin of the lattice has been updated
once; this standard definition is conceptually akin to considering mesoscopic time scales. As we
are interested in the behaviour close to the temporal surface, only rather short simulation times
are needed and therefore we can restrict ourselves to rather small system sizes. In order to rule
out the influence of finite-size effects we have also analysed some larger lattices, highlighting no
significant discrepancies with the results we report below. For the purpose of investigating the
edge regime we focused on the two-point correlation function C(x,7;y,s) defined in Eq. (3.63),
since the response is expected to behave in an analogous fashion (see Egs. (3.75) and (3.76)).
Here, x = 1 corresponds to the surface, whereas x = H/2 to the midplane of the lattice. The
statistical average is taken over a large number of independent runs with different realisations
of the thermal noise and of the initial state. In Fig. 3.6(a) we show the bulk-surface correlator
C(x = H/2,t;y = 1,s) for the ordinary case J; = 1 and the special one J; = 1.5, where we fix
t = 107 and vary s within a range that, under the assumption A ~ 1, corresponds to the edge regime
(we verified that different instances of the value of ¢ lead to the same slopes). From Fig. 3.6(b)
one can indeed infer that the non-universal constant A is of order unity, thereby justifying our
choice. We observe that C(...,s) ~ sP increases algebraically, but with two different exponents
psp = 0.71(2) for the special case and p,,; = 1.05(2) for the ordinary one. This result Py, # Pora
clearly shows that different surface universality classes display a different behaviour at the spatio-
temporal edge, thus providing a confirmation to the presence of the novel effects discussed in
Sec. 3.2.1. In particular, this picture is not in agreement with the power-counting argument of
Ref. [79], which we have reported at the beginning of Sec. 3.2. The dashed lines, reported for
comparison, denote the slope p;, = pPyrq = 1 — 6 ~ 0.85 [84] which would be expected for the
correlation function if no novel exponent were to appear at the edge.

Table 3.1 presents the comparison between the numerical estimates of p from Fig. 3.6(a) and
the corresponding analytic expressions p = 1 — 6 and p = 1 — 8 — 6 which exclude and include the
edge effects, respectively. The latter are calculated according to Eqgs. (3.74) and (up to O(€)) 6 =
€/12 [23], specialised to the three-dimensional Ising case (i.e., n = 1 and € = 1). Note that, even

Monte Carlo estimates | Analytical results (€ = 1)

Figs. 3.6(a) and 3.6(0) | p=1-0 | p=1-0— 0
Edge, sp 0.71(2) 0.917 0.856
Edge, ord 1.05(2) 0.917 0.952
Short-time, sp & ord 0.85(2) 0.917 0.917

Table 3.1: Comparison between the numerical and analytical estimates of the exponent p which
controls C(...,s) ~ sP in the edge and the short-time regimes, in the absence (p = 1 — ) and presence
(p =1— 6 — 6g) of edge contributions, for the special (sp) and ordinary (ord) transitions.

if lacking quantitative accuracy, the factor relative to the edge introduced in Eq. (3.69a) correctly
captures the qualitative behaviour as a function of s of the correlation function C(x, ;y,s) within the
edge regime: in fact, in the case of the ordinary and special transition C(...,s) grows respectively
faster and slower than it does in the short-time regime; correspondingly, the first order correction
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(3.74) 1s respectively negative and positive.

Figure 3.6(b) presents a study of the crossover between the edge regime of Fig. 3.6(a) and the
short-time regime, which occurs upon increasing y above the scale set by s!/? /A. This crossover
is properly captured by the scaling function in Eq. (3.69a) because the additional multiplicative
factor becomes approximately independent of s for s < #, so that C(...,s) ~ s' 9, as predicted for
the short-time regime. Conversely, for a fixed y # 1 (i.e., not at the surface), the crossover between
the short-time and the edge regimes occurs upon increasing s above (Ay)*. With the present data,
we could find reasonable evidence of its presence in the ordinary case with y = 4 (see Fig. 3.6(b)).
We emphasize the fact that the edge regime is not the only one affected by the aforementioned
factor; however, we focused on it in order to test a qualitative difference between our predictions
and previous ones which had been based on the assumption that the edge plays no significant role,
thus circumventing the need for a quantitatively accurate analytic determination of 0.

3.3 Conclusions

By studying the non-equilibrium relaxational (model A [68]) dynamics of the O(n) model in the
proximity of a surface within a field-theoretical formalism, we have identified novel singularities
which affect the scaling behaviour of physical observables in the proximity of the spatio-temporal
edge, defined as the intersection between the spatial and temporal boundaries. The asymptotic
power-laws found in this regime can be understood in a boundary renormalisation group framework
in terms of the difference between the scaling dimension of the order parameter ¢ (or the response
field @) and the corresponding edge operator @ (@g). Despite being irrelevant in the RG sense,
the latter non-trivially affects the physics of the system as it represents the first non-vanishing
contribution appearing in the short-distance expansion of the bulk field ¢.

A power-counting argument had been proposed in the past to exclude the presence of novel
universal effects at the edge [79]. All subsequent studies on systems presenting breaking of both
space- and time-translational invariance assumed the validity of this statement in order to provide
ansatzes for the scaling forms of observables. Since our calculations, which are not based on any
a priori hypothesis, show a discrepancy in this respect, we have devised a suitable method to test
their physical implications: we have identified a regime in which the presence or absence of effects
due to the edge gives rise to qualitative differences in the behaviour of observables. In particular,
in our framework the initial algebraic growth would be affected by the type of surface transition
considered, whereas it would not if the aforementioned argument were correct. This avoids hinging
upon a quantitative comparison which would in principle require an analytical approach to higher
orders in the perturbative expansion. Our Monte Carlo simulations — which mainly focus on
the edge regime and the crossover to the short-time one — provide numerical evidence of the
correctness of our analytical predictions at a qualitative level. The consistency of these approaches,
which concern two completely different systems at the microscopic level, i.e., a discrete spin model
on a lattice and an interacting field theory in the continuum, provides additional support to the
universality of the edge behaviour, which could be expected as a consequence of scale invariance
at the critical point. This actually indicates that the scaling near the edge investigated here depends
only on the gross features (symmetry, dimensionality and short-range interaction) which are shared
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by both models.

It would be desirable to extend the present investigation to different static, dynamic and sur-
face universality classes of experimental relevance. While the first experiments probing the static
surface and equilibrium dynamical bulk properties of materials date back to the 1970s [68, 86],
techniques with the sufficient accuracy to study bulk non-equilibrium behaviours have been avail-
able only since the 1990s [87]. Surface dynamics in condensed matter systems, instead, have not
been observed until recently, though with a different purpose and not in the critical regime [88].
Extending recent investigations of ageing phenomena in liquid crystals [15] to the proximity of
surfaces might provide a viable alternative for the experimental test of the present predictions in
systems undergoing an Ising transition. Moreover, it would be interesting to understand whether
the general framework of boundary renormalisation group could be applied in the early dynam-
ical stages of quantum critical systems, as recent works highlighted the emergence of universal
features in the non-equilibrium dynamics of one-dimensional [89] and higher-dimensional [90]
bosonic systems after a quench. The introduction of initial-slip operators and the corresponding
short-distance expansions in a quantum context would provide a substantial improvement in our
ability to classify the aforementioned universal features, possibly shedding some light on the topi-
cal subject of dynamical phase transitions.
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Appendix 3.A Divergences localised at the surface

In Sec. 3.1.1 we have sketched a procedure which allows one to determine the degree of divergence
of Feynman graphs when one of their external legs is fixed at the boundary. Note that, while the
more commonly used definition would refer to it as superficial degree of divergence, we will drop
the attribute “superficial” in order not to cause confusion with the spatial surface. By focusing
on the tadpole diagram of a ¢* theory (although the argument is more generally valid [53]), we
have found that the divergence at the surface is less pronounced than the bulk one. More precisely,
introducing an ultraviolet (UV) momentum cutoff A, the latter is o< A2, whereas the former is o< A.
In this Appendix we explicitly show that this is indeed the case. Note that the cutoff provides a
regularisation to the integration over momenta, making all the expressions appearing below finite.
In the following, we shall always use the term “divergences” having in mind the removal of the
cutoff A — oo. The tadpole contribution depicted in Fig. 3.3 is proportional to the convolution

FUPN oo A Bg ~m - - o
G (k;x,y) o< /0 dz / (2;;3G(O)(k;x,z)G(O)(Zl;z,z)G(O)(k;z,y). (3.78)

For simplicity, we consider here the special point ¢y = 0, for which (see Eq. (3.29))

~ —

GO (k;x,y) = —

= <e—wk|x—y\ +e—wk<x+y>> , (3.79)
k

As we have argued in Sec. 3.1.1, as long as one’s interest is focused on the UV behaviour, this
does not represent a restriction, since for any choice of cg > 0 the large-momentum behaviour of
the propagator is the same. The ordinary case cg = oo actually represents an exception to this rule;
since the two-point function in this case vanishes at the boundary, a more subtle analysis would be
required. However, by studying its normal derivative along the direction x; one could in principle
follow the same steps illustrated below and retrieve analogous results. Note now that, according to
our choice (3.79), the central term in Eq. (3.78) (corresponding to the tadpole “bubble”) is given
by

A 43 A 43
B(z,z) = / d 160 (Giz,2) = / d 1. L [14e72]. (3.80)
(2m) (2rm)’ 20,

Since @, ~ g for g — oo, the first term of this expression diverges as A? and, being independent of
Z, constitutes a renormalisation of the parameter r. In the following we shall focus on the second
part, for which the integration over the z coordinate is not inconsequential, as we shall see. Without
loss of generality, we assume x < y. Correspondingly, we divide the integral over z in Eq. (3.78) in

three distinct parts and postpone the integration over g:

X - - 1 ~ =
11(G; %,y) = / dz GO (s x,2) 5——e 2% GO (ks 2,y), (3.812)
0 2ay
y ~ — 1 ~ =g
h(g; x,y) :/ dz GO (kix,2) ——e 29 G (k; 2, ), (3.81b)
X 2wq
oo ~ R 1 ~ N
L(g; x,y) = / dz G (k;x,2) 5-—e 2% G (ks z, ). (3.81c)
y 2ay,
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A direct calculation yields

— o (x+
L= e~ Ok(x+y) 1 (1 . e—z(a)q—a)k)x> + i (1 _ e—qux) + 1 (1 _e—Z(wq-l-a)k)x) ’
4oy Wy — W y Wy + o
(3.82a)
— Oy —2,
L= COSh((Dkx) e Wy X { 1 (e’z‘”q" . e—quy) + ; (e—2(a)q+wk)x B eZ(coq+wk)y>} 7
27 20 2( 0+ )
(3.82b)
L= cosh (@yx) cosh (@) 20,y (3.820)
0y (@ + @y)
For x > 0 the leading ultraviolet behaviour of the expressions above is given by
—o(x+y) 202 — F
Bt 0 ),  B=0(), K=0(T), @8

2 2 2
20  of -
where we denote with O (e™7) all the terms which are exponentially decreasing and thus cannot
contribute to the divergence of the integral. Recalling that @, ~ g (1 +0 (q_z)) one can see that

I behaves asymptotically as
efwk(x+y) 2
IINT(IJrO(q ) (3.84)

which, when integrated over the momenta, produces a divergence o< A for A — oo. Clearly, adding

a counterterm
. e_wk (x+y)
¢1(g;x,y) = 7 (3.85)

completely removes the divergence, i.e., it makes the integral convergent in the limit A — oo. If,
instead, we fix one coordinate at the surface, i.e., x = 0, then we have

efwky

L=0, L= (20,+ @) and L =0(e). (3.86)

202 (0, + o)

Therefore, the only term which can give rise to a divergence when integrated over ¢ is now I,
which asymptotically behaves as

_ 1 ) Qy -2
L~e @ ?(1+0(q ))—2—613(1—1—0((] N1- (3.87)
The first term, which produces a divergence o< A, is exactly canceled by the counterterm % (g;0,y)
introduced in Eq. (3.85). A second term, however, emerges which causes a logarithmic divergence
“A%” and requires a new counterterm

e Wy

€2 (G:y) = + O ——= (3.88)
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which must act only at the surface x = 0. In the remaining case x =y = 0, one has

_ 1 1 O -2\ ).
I =L=0 and 13_wq(wk+wq)~q2 <1 . +0(q )), (3.89)
the divergence emerging from integrating the last expression can be removed by adding 6] + 2%5;
the prefactor 2 accounts for the fact that in this case two points have been fixed at the surface and,
consequently, the surface divergence is doubled. Generically, one would need a surface countert-
erm for every external leg fixed at the surface. Note that, as expected, no additional divergence
appears which cannot be removed by the previously-introduced counterterms (3.85) and (3.88).

Appendix 3.B The response function formalism

In this Appendix we briefly discuss how one can recast a dynamical problem described by a
stochastic equation into a path-integral formalism such as the one we have introduced in Sec. (3.2).
The mapping we report below is usually referred to as response function formalism or MSRDJ or
more briefly MSR transformation, owing its name to the people who first employed it in a physical
context back in the 70s, i.e., Martin, Siggia, Rose [76], Janssen [77] and de Dominicis [78]. Con-
sider a n-component real, classical field ¢ whose dynamics is described by the Langevin equation

—= = Zilo] +m;, (3-90)
with a white Gaussian noise

(ni(E0)N;(F,5)) =2Qij6 (R—F) 8 (t—s), (3.91)

where we require Q to be a positive-definite, symmetric matrix, as we want to avoid negative
self-correlations. As the initial state distribution &7,[@] does not play any significant role in the
construction, we shall review here for simplicity the stationary case fo = —oo. Moreover, we shall
omit the space dependence and sum over repeated indices will always be understood. As it is the
case for most path-integral constructions, also this provides an effective formalism which proves
particularly useful for calculating relevant quantities, but has not to be interpreted as a formal
definition from the mathematical point of view. For this reason, in the following we will not
concern ourselves with problems of definition of the measures and distributions we are going to
introduce.

In general, to every possible realisation of the noise 71 corresponds a well-defined solution @y
of Eq. (3.90). Thereby, we can write the mean value of a generic observable & [@] as

@loh = [ 702 ) &[], (392

where inside the integral the functional & is evaluated on the specific solution associated to the
value of the “integration variable” 1. By assumption, the probability distribution & [n] is Gaussian
and therefore Eq. (3.91) implies

P[] = Aye HIME i %‘lz/@ne‘“d’""@l)u”f. (3.93)
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We now introduce an effective “delta” functional on the space of trajectories, such that

[ 70710160~ 0)= 20) (3.94)

for every functional 2Z". This allows us to recast the average (3.92) in the form

@19l = [on 2} [ 798(0—9u) 0101 = [ 20010) [ In 2 0] 6(0— ). (3.95)

where, in the last step, we have assumed that the integrals can be exchanged. The main advantage
of this is that we can pull & out of the integral over the noise. We now focus on the “delta” term
and define

i o,n] = 0@ — Fi o] — i, (3.96)
which casts the Langevin equation (3.90) in the more compact form .%; [@, ] = 0. Since for any
choice of 1 only one solution @, exists, at least once the conditions at 7y = —oo are fixed, upon

performing a change of variable one obtains

8.7
3(¢—n) =Jl@.nl 8 (ilp.m])  where  J[p,n]=det (3.97)
J
J being the corresponding Jacobian. Applying the well-known Fourier relation [ dxe™* =278 (k),
the new delta functional can now be exponentiated by means of an auxiliary, “imaginary” field ¢,
yielding

§(Alp.n) = [ 7 (ig)e 49 e, (3.98)

where we reabsorb any multiplicative constant in the measure. As a consequence, the average
above can be written as

(0loh = [ 7925 Olg)e 14700 [gn 2w slp.m)e/ 4. 399)
By functional deriving Eq. (3.96) with respect to ¢, one can express the Jacobian J as
6Zi[9(s)] ] }
Je,n] =det{ 9 [5 t—5)86j——————0(t—s)| ¢, (3.100)
(o.n] = et {2, |30 -9)5,— 5 0o~

where we have used for the second addend the distributional identity d,0(t —s) = 8(¢r —s). Note
that, for any choice of the path ¢ and the indices i and j, the argument of the determinant is a
function M;;(t,s) of time which acts as an integral kernel over a generic space of test functions f,
1.e.,

(Myj+ 1) (1) = /dr M; (t,7) (7). (3.101)

The determinant can be thought as being comprised of two parts: one acting on this infinite-
dimensional space for any choice of (i, j) and one on the remaining n X n matrix structure identified
by the n different vector components. Thus, if one were able to solve the eigenvalue problem

M+ 1% = po 1% (3.102)
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the determinant would be simply given by det (M) = [, u%. The derivative in Eq. (3.100) is also
an operator acting on test functions (the corresponding two-time kernel being d;8(¢ — s)), hence
Binet’s theorem det (AB) = detA detB can be applied to separate the determinant in two parts

8.7 [9(s)]
59;(s)

the first of which does not depend on the fields and thus provides just a multiplicative factor;
actually, the spectrum of the derivative is not bounded, which means we are reabsorbing into the
measure a divergent quantity. However, as mentioned at the beginning of this Appendix, we shall
not focus on the formal aspects, but just on the physically significant fact that it cannot contribute
anything to the picture since it is independent of the fields. The remaining term can be written, in
shorthand notation, as

J[@,n] = det(d) det{6(t—s)5,~— G(I—s)}, (3.103)

J(@] = det {1 +u;;(t,7)} . (3.104)

Now we use the relation detA = e{n4} (o exponentiate the argument in the expression above,
aiming to make it part of what will look like the action of the fields ¢ and ¢. The logarithm of an
operator is defined by its Taylor series, which in this case is

1 1
[ln(]l—l—u)]ij (t,8) = u;j(t,s) — 3 (uik*ukj) (t,5)+ 3 (uik*ukl *ulj) (t,8)+.... (3.105)

Recalling that the step function 0(7 — s) enters in the definition of u, the generic g-th convolution

in this series is of the form
q q
[{Taw ) (TT6G -0 ) [--]. (3.106)
p=1 p=1

where we denote 1 = 7,,1 and s = 7p. The product above implies that the integrand identically
vanishes if the variables are not in increasing order, i.e., if there is at least one pair of variables
which obeys 7, < 7, with p > g. In particular, it does if r < s. Taking the trace means identifying
the ending points and integrating over them. Because of this, the constraint on the g-th convolution
becomes > 7, > ... > 7y > t, which means that the integrand has at best a support of null measure
and thus its integral vanishes. The only term left, since the condition above becomes trivial (t > t),
is the first one. This implies [11]

tr{ln(1+u)} = Z/dtuii(t,t) = —e(O)Z/drf,’ [o(1)], (3.107)

with 57
(0] = 2500,

Summarising, the Jacobian in Eq. (3.97) can be divided into two parts, a divergent factor indepen-
dent of the fields which is incorporated into the integration measure, and a physically relevant one
which can be written in exponential form. Furthermore, from Eq. (3.100) we see that it does not

(3.108)
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depend on 1, as @ represents now an independent integration variable. Thus, the integration over
the noise in Eq. (3.99) can be performed according to the Gaussian rule

/@n E@[n]efd[(ﬁn :/@n %efijdt [nz(971)11n1*4@n] :efdtaigijaj. (3109)

Grouping together the various results above, one can re-express the average of the observable & as
a path integral with two vector fields @, @

(0loh) = [ 7975 Olple 07, (3.110)

where the action is given by
Sle. o] = /df {@' (9 pi — Fil9]) — 9:Q;9;+ 0(0) ) .F; [‘P]} (3.111)

which would give back Eq. (3.41) when specialised to the @* case were it not for the last term.
Note that, in addition, the latter is ill-defined as it contains 6(0), which has no definite meaning:
actually, the step function at the origin can take any real value, due to the fact that, despite its name,
it is a distribution. Hence, on the one hand, the action seems to depend on such an arbitrary choice
while, on the other, the physics requires that all observables be independent of it. In order to cope
with this issue, we shall study how 6(0) enters in the calculation of observables; for this purpose,
we shall assume that Wick’s theorem holds. In general, one would have to require the state of the
system to be Gaussian, such as the one defined by Eq. (3.48) [11]. We also take an effective force
% which can be expanded as a power series of its argument, i.e.,

3)

Zil0] = DV20i+Cy} 0+ Clil 0j0n+ CL0jnon . (3.112)

where we restrict for simplicity to cases in which the first, diffusive term is the only one containing
a derivative. Note that the constant term C(?) needs not to be included as it constitutes a drift
velocity which can be accounted for by redefining the field ¢ — ¢ +C (9)¢. On the other hand, the
introduction of an effective source A(t) can be used to obtain information on the linear response
of the system to external stimuli. In the action, this field would couple to @; this means that any
expectation containing only response fields identically vanishes, since it corresponds to deriving
the identity:

(@1, (11).- @i, (1)) = 6h56(t1) 5hi6(lm)

(1) =0. (3.113)

The higher-order coefficients in Eq. (3.112) are contracted with totally symmetric combinations
of the fields and can be thus chosen to be totally symmetric under the exchange of the involved
indices. Accordingly, the last term in the action (3.111) can be expanded as

719 =DV?+C +2C7) 9;+3CS 000+ ... (3.114)

where the repeated indices i are not summed over yet. The first two terms can be neglected as
they shift the action by just a constant; the remaining ones will be treated as an interaction, despite
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the fact that they include linear and quadratic terms, which are usually employed to define the
propagator, instead [11]. The reason is that, in the standard perturbative scheme we are going
to employ, the action is expanded as a combined power-series of all the couplings of cubic and
higher-order terms; according to Eq. (3.112), that would mean all coefficients starting from C(%),
since the corresponding operator in the action is ¢@2. Thus, the expansion automatically involves
all the relevant terms of Eq. (3.114).

Disregarding for the aforementioned reason the terms proportional to 8(0), the quadratic part

is given by
AN 0 —9,—DV?—cW) ¢
2 ( (0 ) ( 0, —DV?—cW) 20 ¢ ) (3.115)

The propagator is obtained by calculating the inverse of the matrix above; we are now particularly
interested in the off-diagonal elements, which in Fourier transform X — k obey

(at + Di? —c<1>) ”<¢j(7é,z) 5,(—%,s)> — 5,8(t—s), (3.116a)
ij
(—a, + DI —c<1>) H<¢,~(%,r) <p,<—%,s)> — 5,8t —5). (3.116b)
ij
The equations above are solved by

—

Rij(kst,5) = (@i(k,1) §;(—K.s) ) = 0(1 — 5) (- (F2C)0=0) 3.117)

Ly

where the exponential in the r.h.s. has to be considered in a matrix sense. We wish to emphasize
the fact that at equal times this function displays the same “troublesome” factor 6(0) as above.
We now group together all we want to treat as an interaction and define

Vip.dl= [ac Y [677 1910000/ [o)] (.118)

where we introduced the notation .# (2) = .% — (DV2 +cW ) @; accordingly, the m-th perturbative

correction to the expectation of a generic observable & [@, @] (including response functions) will
be

1 m _
(Ve 0)" Ole.0]),, (3.119)

where (-), denotes the average calculated with just the quadratic part (3.115) of the action. For
reasons that will become clear while proceeding with the discussion, we rewrite it as

[ <<Z (6i(0) 7 [fp(ﬁ)]—G(O)%’[fp(n)ﬂ)ﬁ”[¢,¢]> SERCREL)

0

having reabsorbed m — 1 powers of V into &”. Now, we decompose every field into average and
fluctuations

P =(0)y+00¢ ¢=(0)y+6¢0 =250, (3.121)
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recalling that the average of the response field is always O (see Eq. (3.113)). Every average can
be extracted from the expectation, while on the fluctuations one can use the standard Wick’s con-
tractions. Consider now the response field ¢(7;) appearing in Eq. (3.120). By the simple argu-
ment given above, this needs to be contracted with a field §¢ lying either within .% ) [p(1;)] or
0" @, ®]. We shall focus on the first case; this contraction will extract a field ¢ from every mono-
mial starting with the second order in the expansion (3.114), thus acting like a derivative. This
produces

((2) 7 [0(2)) 0'[0,8]), =

7 (2)
_ T ~ ) .
— <q)l~(1'1)(pj(rl)>0< 5([;~ (11) o' [q),(p]>0+ ( contractions with ﬁ/) = (3.122)

J

577
= 5(;) (1) 0" [@,9] ) Rji(t1,71)+ ( contractions with &) .
/ 0

On the one hand, since 7; is an integration variable — see Eq. (3.120) — we can consider all the
contractions with &’ (which does not depend on it) as being performed at different times. On the
other hand, according to Eq. (3.117), we find R;;(71,71) = 6(0)J;;, which yields

(8:(1) 77 [0(1)] ' [9.9]) = 0(0)(F/(71) &' [9,5])y+ ( contractions with &) . (3.123)
The first term in Eq. (3.123) exactly cancels the second one in Eq. (3.120), thereby showing that

indeed the observables are not affected by the value taken by 6(0) at any order in the perturbative
expansion. The simplest choice would therefore be 6(0) = 0, which renders the action

Sle, o] = /dt {651 (drpi — Zio]) — aiQijaj} (3.124)

which we have employed for our calculations.

Appendix 3.C One-loop calculations

In this Appendix we report the details of the calculations of the one-loop corrections to the two-
point correlation and response functions
Cijlfsx,13y.5) = (@il x1) 9 (~Fes) )
- - . (3.125)
Rij<k; X, 13 y,s) - <(Pl(k’ )C,t)(Pj(—k;y,S)> )

in our system, defined in Sec. 3.2. Since the problem is translationally invariant in all spatial direc-
tions parallel to the surface x| = 0, we shall mostly adopt the same mixed (k;x | ,¢) representation
that has been introduced previously in Sec. 3.1.1 (see, e.g., Eq. (3.29)). We start by determining
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these functions for the non-interacting theory (i.e., for g = 0); with this purpose in mind, we note
that Dirichlet and Neumann boundary conditions — corresponding to the ordinary and special tran-
sitions, respectively — can be obtained by applying the method of image charges to the respective
functions in the bulk and at equilibrium [91]. In particular, we can obtain the response function by
specialising Eq. (3.117) to the present case — meaning Q =1, D =1 and c() = —r =0 — which
yields

0 - —k? 0 -
Rébilk,eq),ij (p;At) = G(At) 6ij ¢ ca = 6ij Rgbztlk,eq) (p;At)7 (3126)

where At =t —sand p = (75, k) and we have made use of the fact that with our isotropic prescrip-
tion among all O(n) components, the latter are all equivalent and one can just study a specific one
chosen as a representative. Since this is an equilibrium function, the correlation can be calculated
via the fluctuation-dissipation relation (3.56), which yields

(0) oA [T (0) N 0) .
Clontteq)ij (P> 00) = N it R s o i (B,u) = 81 Clbuik.cq) (B: A1) . (3.127)

Transforming k| — x —y one gets

2

— _ —Y—(x y
) (k;x_y,t_s> _ O (t—s)[dr(t—s) te PO

0
bulk,eq)

R

(
E ) o (3.128)
0 7. oo 0 .7

C(bulk,eq) (k’ X _y7t - S) - ft—s\ dl/l R(bulkeq) (x_y,u, k) .

Since the response function is only affected by the spatial surface, because no initial condition is
actually cast on @, one finds

0) (7 + _ p0) 7. (0) 7. _
RO (k, X,t; y,s) = R(bullgeq) (k, X—y,t —S) iR(bull@eq) <k,x—|—y,t —s) =

_ G(I—S) ekz(ls)jj’_‘—}gfi( Xy )’
n(t—s) 2(t—s)

(3.129)

where the upper and lower signs refer to the special and ordinary phase transitions, respectively,
and 2f1 (o) = e*+e~“. For the correlation, instead, one has to take into account also the Dirichlet
condition (3.50) at ¢t = 0, which implies

- 0 - 0 -
c®) (ks x,t;y,5) = Cébilk.,eq) (ks x—y,t—s) _C((bilk,eq) (ks x—y,t+s)+

t+s
40 (0)

7 0 > I Xy
(bulk.eq) (k;)H—y,l _S) :Fc(bulk,eq) (k;x+y,t—|—S) = du (ﬂ'bt) 2e K u——, [t (—) .

2u
(3.130)

|t—s]

The structure reported above for the two-point functions had been previously found in a few works
focusing on the same setting and used to calculate the corrections due to the quartic term o< g@ @3 to
the long-time behaviour of the correlation function [83], the scaling behaviour of the magnetisation
[79] and the fluctuation-dissipation ratio within the Gaussian approximation g = 0 [20]. However,
the previous attempts to perturbatively include the interaction relied on the expected absence of
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novel effects due to the edge in order to introduce scaling ansatzes; therefore, to our knowledge,
no direct calculation of the corrections has been attempted before the one reported below.
The first-order corrections to the functions in Eq. (3.125) are

€l (xtiy) = =5 [ dzae (pilkex.0) o/(—Koes) [0%6-9) 7)) .

(3.131)

YA __8 [ (T Oi(—k 20 -
Ry (exriys) = =% [ dzae (o) §(—Kns) [06-0] 1)

where

=g, d1g, d¥lgs
— = — @ (4152, 7) ¢ (g2:2,T) X
o) o) 2! (3.132)

X O (G3:2,T) Ou(—G1 — G2 — 4332, T)

(06 9] (z,7) =/

represents a short-hand for the usual momentum convolution of the fields. The only connected
contributions coming from Eqgs. (3.131) are those arising by contracting each of the external fields
with one of those inside the square brackets. Note also that our convention 6(0) = 0, which implies
RO (...;7,7) = 0, forces us to contract either of the external legs with the response field coming
from the interaction. The corresponding Feynman graphs are reported in Fig. 3.7, where undirected

7] g

k

y,s > X,t y, s -t X,t
7(’ Z,T 7{’ Z,T 7(‘

(a) q (b)

y,s - - x,t

Ptk
(c)

Figure 3.7: One-loop corrections to the two-point functions. (a) and (b) contribute to the correlation
function CV) (%, x,1;y,s), whereas (c) to the response function R(!) (7&, x,t;y,s). Undirected lines cor-
respond to C(¥), whereas those accompanied by arrows stand for R(); the arrows always point towards
later times according to the causal structure of the response function.

lines represent C (0) propagators, while directed ones denote R functions with the arrow pointing
from earlier to later times. Diagrams 3.7(a) and 3.7(b) contribute to the correlation, whereas 3.7(c)
to the response function. In order to determine the combinatorial factor, we shall for the moment
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omit the coordinates and analyse the Wick contractions in the light of the rules determined above,
which produce

_ _ § & .
(010 [0°0-0]),_o= (0iP1) oo (9jPm) <—~—(p2(p : go> o
g:

6(,0[ S(Pm
+ (0P y—0 (P Pm) LN (3.133)
TP =0\ T =0 0@ 00, g=0 '
for the correlation function and
~ ~ ~ - d O
= T2, — o .
(0i9; (070 9]),_, <<pl<pz>g:o<<p]<pm>g:0<6¢ 5o —0*p- q)>g:O (3.134)

for the response function. The functional derivatives in the expressions above all yield the same
expression

§ &
<6<p 50 ~—— 00 <p> = (8 ®” +20n01), Z&m O 420l — (n42) 5,0 (3.135)
m g=0

which ensures, as expected, that the matrix structure remains diagonal and proportional to the
identity also at the first perturbative order. Note that the same conclusion can in principle be
reached by accounting for the symmetries of the Feynman graphs. We can thus write

CW(k;x,1;y,s) = ——g/ dzd’c ) (k; x,1,2,7) CO(k; 2, T3 y,5)+
+c© (75, x,t; 2, ’L’)R(O) (75, Y,5; 2, ’L‘)} B(z, 1) (3.136a)
R(l)(%;x,t;y,s) = —%g/owdzde(O)(fc’;x,t; z,f)R(O) (%, z,T;%,8)B(z,7), (3.136b)
where B(z, T) represents the “bubble” in the diagrams of Fig. 3.7 and corresponds to
B(z,7) = / (;Z%C(O) (G2, 732, 7). (3.137)

The different contributions coming from the four terms in Eq. (3.130) shall be separately calculated
in order to distinguish the effects of the various boundaries; in the following they will be denoted
by indices 0, 1, 2, 3 respectively; accordingly, we define B(z, ) = ¥3_, & % (Z:, T;), where

B(Z; T-)—/ﬂ % Gz T)—/ e
i i) = (2m)7! (bulk,eq) \4> “i>1i) = en) 1 i, Vanu

d—1 e8] 22
i S BNCRET

and
Zo=0, Z1=0, Zy=2z, Z3=2z
Ih=0, T'=2t, Th=0, Tz=2t, (3.139)
=1, g=-1, =41, &g==FI.
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Again, the upper and lower signs distinguish the special from the ordinary transition. Using di-
mensional regularisation we explicitly find

Bo = B (Zo,To) =0, (3.140a)
d
_a (27)' 72
B = B(2,,T)) = (4m) (4)_1 , (3.140b)
2
_ 4 2ap(d
932:%(22,]&):(475) 2z r E—l s (3.140¢)
—d 5 4 d Z2
By =B (2,T) = (4m) 12y (-1, ). (3.140d)

where y(a,w) = [;’ dz 7% 1e 7 is the incomplete gamma function. Correspondingly, we divide

the first-order corrections into three parts each resulting from the various %’s:

2 3 2 3
clh =T gZé‘, and R =T ng, ;s (3.141)

the O-th contribution associated with % being neglected due to the fact that, in general, in dimen-
sional regularisation all the divergences which are not logarithmic in d = 4, and in particular the
mass renormalisation term, vanish. In the following, we will analyse the asymptotic behaviour of
the remaining terms in the proximity of the boundaries y = 0 and s = 0, in an attempt to recover
the new universal exponents from the corresponding algebraic laws, as we discussed in Sec. 3.1.1.
Note that the latter will appear here as logarithmic divergences, as can be seen by expanding in
powers of g the exponent in

x% = x00r8t — x00 (1 f oy Inx+...) (3.142)

We shall restrict in the following to the response function, the correlation being similar, but more
involved due to the presence of an additional integral (see its definition (3.130)). Furthermore, we
will set for simplicity k=0and 7> s, so that we can omit the step function. The first term is
particularly simple: exploiting the relation

/dzR(O)(x,t;z,T)R(O)(z,T;y,s):R(O)(x,t;y,s) valid Vs<t<t (3.143)
0
we find
R
d
1/dz/d*c 27)' "2 RO (x,1;2, 1) RO (z, 75 y,5) =
§—1Jo
(3.144)
(475)—% 0 4 1_d 2(87:)_% 277 524 0
= RO (x,1;y,s) dr(20)" " = P S RO (x,1;y,s)
2 2 2
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which, for d = 4, gives

Y (x,1:y,5) =

In <5> RO (x,1: y,5). (3.145)

2(4m)  \s

This function is singular only when s — 0; thus, it identifies at least part of the temporal divergence,
whilst it does not include any of the others. In particular, as generally stated in Eq. (3.142), this
comes from a power law of the form

RD(..s) ~ s RO(..5) =57%(1—ga;Ins)RO(...5) (s —0). (3.146)
Substituting Eq. (3.145) in the definition (3.141) yields ap = 0 and

n+2 1

— 3.147
B (4n)2g ( )

arg =

At the Wilson-Fisher fixed point g = g* = -3¢ (4m)* e+ 0 (€?) [11, 59, 60] the latter becomes

R n+2e
n+81+0( ), (3.148)

which corresponds with the first-order of the expansion of the initial-slip exponent 6 reported in
Eq. (3.55). Thereby, this term completely encodes the divergence proper of the temporal boundary.
Note that, alternatively, one could expand Eq. (3.144) in powers of € =4 — d; all terms would then
be regular in the limit € — 0 except the one inside the square brackets, i.e.,

STl
STl

2z —s

: (3.149)

[\ 1o}

which would provide a pole < £ ! in the case s = 0, being regular otherwise. One could then extract

the same result as in Eq. (3.148) by studying the coefficient of such a dimensional divergence. In
particular, the latter can be reabsorbed by standard means, introducing a renormalisation factor Z
which multiplies the boundary fields ¢ and @y.

The second term ,%él) is slightly more complicated; its expression is

(4m) %;%’(1 / d/ i 1) X
> Z
\/7r2t— — )

(3.150)
4(? 7) 4(1 s)_T( > A2 yz
e fi(( r))fi(zu—s) |
Now we employ the changes of variables
t P J—
z=2l (:)& and  T=(1—s)0+s (3.151)
— S
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to rewrite it as

oo 1 _1 x2 +ﬁ
(4m)? 7V —Ad(At)/ di | doe “(“9 6‘) [9(1— )] 2 de " x
0 0
(3.152)
- O . [1=9
X Jx <XZ m)fi ( ! T)’
with
2 d 1—4d 3-d ~ X ~ y
Ay(At)=—=-T|=—-1)4"2(At) 2, X=— = ——, At =t —s. 3.153
Recalling that d = 4 — € and that dimensional regularisation implies [92]
oo —2+¢ ! —2+¢ / = —2+4¢ F/(())
/ Al 2R (1) :/ A1~ (F (1)~ F(0) — [ F (0))+/ A (F(1) —F(0) +—
0 0 1
(3.154)

on any function F which decreases sufficiently fast for / — oo, we find that the integral over / in
Eq. (3.152) has actually to be interpreted as

7= / Cane (e f(AD) £ (BI) — 2(0)%), (3.155)
0

with A = X, / % and B = J,/ %. Due to the fact that there are no explicitly divergent terms in
€, we can conveniently fix d = 4 in the following. We use the identity

fr(Al) fL(Bl) = % [cosh ((A+B)l) £ cosh((A—B)I)], (3.156)

noting that £ (0)? can be rewritten as (14 1) /2, to recast Eq. (3.155) in the form .# = H (A +B) &
H (A — B), where

1 [~dl

[(e—’2 - 1) +e"” (cosh (wl) — 1)} . (3.157)

We now expand the hyperbolic cosine f; = cosh in the r.h.s. as a power series to get

(3.158)
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where we assume (for now) that we can safely exchange the series with the integral. Thanks to
this, we can re-express Eq. (3.152) as

(o) 1 1 - ~
D _ AdA) 1y I (m— ) dd s 519
(4717)29?( = O (P e 4T 10 X
2 4 m§0 0 B(1-10)
o om (3.159)
\/ +\/ A \/ 5] _~\/1—19
Y Vite Ve
By performing the additional change of variables
-1 ) dd dp
— = /iy th ——=-2— 3.160
we arrive at
Ag(A) _1(2.2) w F(m—l) = dp —§<[32+i)
am)2 gV = 202D 4 (P45 —ZT’"/ —e * B2/ x
(3.161)

In order to verify that the series in the expression above is convergent for ¥ > 0, ¥ > 0, we introduce
the shorthand notation @ = Xy and define

2 m— ‘0/ @ ><ﬁi%)2m, (3.162)

postponing the discussion of the m = 0 terms. Note now that all addends in these series are positive;
therefore, since for every B > 0 we have (B —1/B) < (B + 1/fB), it is sufficient to study S for,
if the latter converges, S_ must converge too. Exploiting the symmetry of the integrand under the
transformation B — 1/ we can rewrite it as

> m—1 o [ _o(gi1)? 2m
S+(w):22%wme2/l %e ¢(5+3) (ﬁ+%) : (3.163)

m=1

where we have also slightly manipulated the integrand to extract a factor e®/2

the change of variable (8 +1/B) = a to get

. Now we perform

—G0? o 2m, (3.164)

22 2m-|—1 / \/7

We separate the integration domain into two parts, separated by a = v/5. When o < v/5 we use
the fact that e~ @/4 <1, a?" < 5™ and when a > /5 we use the property Vo2 —4 > o/3 to
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provide an upper bound to Eq. (3.164)

e do ® 2 Vs da e ® 2
e ¥ < Sm/ —+3/ doe #% o?m 1 <
/z vaz—4 2 Var-4 V5
/s /3 (3.165)
5 do e ® 2 541 3/74\"
57 [ S+ [ dae e = 5" +2 (-) I(m).
2 Vol—-4 0 2 2\ o (m)
Now, using the duplication formula
L(m+3) 4—m 4-m
2 S —— R 3.166
i) VY (3.166)
and recalling, for the first term, that I'(m — 1/2) <2I'(m+1/2) Ym > 1, we get
oo |2 (50\" (V5+1) 3 1
S (w) <2v/me2 — ([ — ] In + = =
(o) <2vm mZ_:} [m!<4> ( 2 Zm(m—%)]
(3.167)

4y/Te? [ln <ﬂ2+ 1) <e57m _ 1) +3In2| .

Consequently, S converges for every @ > 0 and so does S_. This also ensures that exchanging the
series with the integral above is a formally correct operation. The first term of the series is instead
given by

el _0 1 e )
r (_1) B ~¢(F+5) _ _2\/%/ e geohh — o /7K (9) , (3.168)
2)Jo B 0 2

where we have used the transformation 8 = e*/2 and Ky is one of the modified (or hyperbolic)
Bessel functions of the second kind, whose asymptotic behaviour for small argument is Ko(®/2) ~
—In®. For the special transition — i.e., for Neumann boundary conditions — this implies that, in
the limit @ — 0, Eq. (3.161) is dominated by the first term, which diverges logarithmically as
D 2 (2,22

4m)2 8V ~ 2V AL (AN e T E ) In (75) = —2—e 1 (FH) In (57). 3.169

( ) 2 ’DIV 4( ) ( y ) \/m ( y ) ( )
Note that, as we are considering the limit @ — 0, i.e., either x — 0 or y — 0, we can safely multiply
the expression above by any function which goes asymptotically to 1, such as cosh (£y/2); the
advantage of doing so is that we recover, according to the definition (3.129) and to the notation
introduced in (3.153),

1 xy
R |y ~ ™ <E) RO (x,11,5). (3.170)

As we have done above, we trace back this behaviour to the emergence of a non-trivial power law

R<1>(...s)~(%)bR@(...):(%)b‘) [1+gblln(%)}1¢<o>(...) (y—0),  (3.171)
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which implies byg = 0 and

big=— hile bje=— —4+0(g%). 3.172
18 6 @n)? 0 T Taas2 (&) G172
By considering Eq. (3.33b) along with the bulk critical exponents [60]
1 e 1 n+2 ) 3
== - ~+= 2n+1)e“+0(€7), 3.173a
B 2 n+82 2 (n+8)3 ( ) ( ) ( )
1 n+2 (n+2)(n>+23n+60) , 3
V=— € e+0(e 3.173b
2+4(n—|—8) * 8(n+8)3 +0(&). ( )

one can prove that (Bi,, —B)/v = bie+0 (82); therefore, this term correctly and completely
captures the surface divergence in the special case. For the ordinary transition, the two-point
function obeys Dirichlet boundary conditions, which yields by = 1; furthermore, the first (i.e.,
m = 0) term of the series in Eq. (3.161) identically vanishes. Therefore, one has to study the
behaviour of the remaining ones for @ — 0. For this purpose, we define

1) = [ e 20 5) <Bi3> - (3.174)
In terms of these quantities Eq. (3.161) becomes

Ag(Ar) 1 = T(m—3 -
4(2f)e (2+5%) y (m— ) [1,,(1”(@)—1,(”)(0))]. (3.175)

m=1

1
(4n)’ 2" =

Now, equation (3.174) can be rewritten as

-t [37 )"

, (3.176)
[} e O] 1 o ®
=t (ap)” [ e M) et g 81 )],
0
and from Eq. (3.168) we can extract I(()i) (w) = Ko(w/2). Using the additional identity
9 (&F% f) 4 (i— . aa,) 7 (3.177)

valid for any test function f we find that

15 (@)~ 157 (@) = 4™ [(% - aw)m - <—% - aw>m] Ko (%) . (3.178)
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Note that the highest-order derivative d)j always cancels out. We now recall a few useful properties
of these Bessel functions:

Ko (%) — —lnw—Ind— % +0 (0 Ino) for (@ — 0), (3.179a)
kn(2) =3 (%)mwm) +o(0™™) for (@ —0), (m>0),  (3.179b)
(@)~ ()
k(@) (D ()] oo o

(3.179%)

Equations (3.179¢) and (3.179d) imply that the j-th derivative of K can be written as a sum of
other Bessel functions with degree running from j back to O or 1, depending on the parity of j, i.e.,

; o] w ) 0}
(—8w)fK0 <5) =¢;K; (5) +cj2Kj > (§> +cj4Kj 4 (E) +... (3.180)
with suitable coefficients ¢;. Among these terms, according to Eq. (3.179b), the leading behaviour
for @ — O is given by K; ~ @~ /. As we have mentioned above, the highest non-vanishing order in
the derivatives of Eq. (3.178) is (at most) m — 1, which means that

— (0] _
19(0) - 117 () = 4K, (5) ~—4lnw while I57(0) 15 (@)~ 0™ (m>1).

(3.181)

As a consequence, all the terms of the series in Eq. (3.175) vanish as @ for @ — 0 except the first

one which instead behaves as wIn w. Hence, we can safely disregard all terms but the first, which
yields

1 1 (2,2

%(1) ~N —— e_Z(x +y)

2 o ™ Vama

Again, by noting that sinh (@/2) ~ ®/2 in proximity of the spatial surface, we can rewrite the

expression above as

olnw (3.182)

1
A lowy ~ sy MO RO 55y = 0.), (3.183)

which coincides with Eq. (3.170) apart from the sign; on the other hand, this difference is re-
absorbed in the change of sign of the prefactor & between the two transitions, as expressed in
Eq. (3.139). Thus, also in this case we conclude that

n+2e

nt2 ¢ 2 2
— d be=-— -+0 3.184
& amr M P Tasz tOE) G189

blg:

which correctly reproduces the previously-known results for the ordinary transition at a spatial
surface [60].
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Finally, we consider the third term 9?3()1); its expression is

d o0 t Z27d d ZZ
am): 7V = 0(r - / d /dr (——1,—)><
(4m)* %; =) o s \/ﬂz(t—f)(f—s)y 2 2

(3.185)
_ a2 ) _£< i—s ) Xz )z
4(r—1) 4(t—s) 4 \ (1—1)(1—s)
e #(wse) ()
Using the change of variables (3.151) we arrive at
d 218

< 1 d ) ]_, _ 2

(4n)2%§)__—_1/ dl/ doe * [9(1—0)]' "% e
(3.186)

AR 1= d  2I2%(1-9)
Xf:i:<)d m)fi(yl T) Y(E_LW)7

Since the incomplete Gamma function vanishes as ¥ (o, w) ~ w% for vanishing argument w —
0, it constitutes a sufficient regularisation to make the integral above convergent. We can thus
immediately set d = 4, noticing that y(1,w) = 1 —e™". Thus, the integral over / becomes

1—e —CI?

I = / dle " f+(Al) f+(BI) —a (3.187)

with A and B such as in Eq. (3.155) and

29(1 -9
C= % (3.188)
At
We now divide .7 as
~ ~ ~ i 12 2 1 _e_Clz
I = I+ Fy= [ A (Fu(aD £ (B~ £2(0)%) ——+

(3.189)

—-CP?
1—e

+ / die™ (02— —
0 [

and note that f~1 represents a more regular version of .# (see Eq. (3.155)); thereby, all the ar-
guments of convergence presented above can be applied also in this case and one needs only to
consider ., for the special case and the first term of the series generated by the expansion of the
hyperbolic functions of .#] in the ordinary one. We consider first the special case and study the
behaviour at the boundaries of

T
(4m)> " ]D,V:A4(At)/0 =9 >ﬂ2. (3.190)

53



Surface critical dynamics

Exploiting the identity

oo 1_ *Clz
/ dle*’zle—zz—\/ﬁ(l—\/wc) (3.191)
0
and implementing the transformation
1-9 . dd dp’
5 = B’ with S0~ —27, (3.192)
one finds
12,2y [dBT -1 éJﬁZ n
(475)2%3(1) oy = =2V A4(Ar) e 1(F457) B—B/e 4<ﬁ2 vP )x
(3.193)

Y

213/2
" [l‘\/1+ B>+ (1387 + 1))

where, analogously to the shorthands in Eq. (3.153), we have defined § = s/Ar. Denoting with
PB(B') the argument of the square brackets in the expression above, we have that

B(B")=-B*+0(B") for (B’ — 0), (3.194a)
BB = —Sﬁ#ﬁo(ﬁ"‘) for (B’ — =), (s > 0), (3.194b)
BPB)=1-V3+0(B?) for (B’ — o), (s =0). (3.194c¢)

Thus, we see that even in the absence of the exponential (i.e., for x = y = 0) the integral is con-
vergent for every s > 0. We also notice that the integral is still finite for s =x =0, y > 0, as
the exponential regularises the behaviour at B’ — . Thus, the only divergence is obtained when
y = s = 0, independently of the value taken by x. In the following, we shall employ the “radial”
representation

yzzucosa, s =usino (3.195)

already introduced in Sec. (3.2.1). We now define

. mdB’ *% %+ucos(xﬁ'2 2[3/2
Q(Lt,OC)—/O Fe (B ) [1_\/1+(B’2+1)(1+usinoc([3’2+1)) . (3.196)

We expect a logarithmic behaviour to emerge as in the previous cases, i.e.,
O(u,a) = f(a)lnu+0(1) (u—0). (3.197)

In order to verify this assumption and calculate the coefficient f (o), we derive this function with
respect to u, which yields
Q' (u, 00) = J1 (u, ) + o (u, @) (3.198)

54



Surface critical dynamics

with
coso [ —l<£+ucosaﬁ’2> Zﬁlz
_ dB’ B'e *\p7 1—4/1 1
n==00 | appe T ET D (rusmagirn)| O
and
1
° _1 ﬁ u n 2ﬁ/2 -3
J :sina/ dp’B'e 4<ﬁ’2+ cosaf ) [1+ - } X
2=sina f B B+ D) (1 +usina(B2+ 1)) (3:200)

x (1+usina(B?+1)) .

We now perform another change B’ = y/+/u which allows us to rewrite the expressions above as
Ji= (l/u)Ji with

~ cosa [ -1 <M%+Y2 cos 0‘) 2y
- 1 3.201
i, 0) === /o drye b7 TrwtesnaEra]| O
and
1
~ e (42 42 cos 2’}/2 o
J ) = .na/ d e 4< 72+7/ OC) |: + . :| X
2(u, @) = si 0 rY (V2 +u)[1+sinot(y? +u)] (3.202)

x (1 +sina(72+u))72.

Clearly, f(c) in Eq. (3.197) is given by the sum J; (0, ) +J>(0, &) (provided it is finite), which
we calculate in the following. We start from

~ coso [ 1.2 2 1
= — Tgreesag 4 — | =—= 3.203
1(0,@) 4 /0 dyye [ \/ +1+stina] yt A, (203

where we have defined

_COSOC * 2 —lyzcosoc
Se)=—, /odw\/H—Hyzsmae 4 : (3.204)

We now consider
1

=~ . * 1 2 2 N2
J (O,(X) :SIHOC/O dyye 4720080‘ |:l+m:| (l—l—’}’lenOC) =

1 (o)
o 1 1 2 2 I 1 2
_ d 71'}/2COS(X_a 1 [ 7Z’J/ZCOSOL 1
/o rve 2y 7[ +1—|—yzsina} [ 2e \/ +1+yzsinoc]()+

L[ 2 flyzcosa_\/g
+§/0 dy\/1+1+yzsinaaye ) 2 (@),

(3.205)
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This confirms that the divergence of Q(u, &) for u — 0 is indeed logarithmic in nature. Moreover,
it proves that the coefficient
V3-1

flo) = 5 (3.206)

is actually independent of the choice of o, which means that the divergence is the same when
approaching the edge from any “direction” in the y* — s plane. Thus, the divergent part (3.193) can
be rewritten as

@2 Y |y ~ — Wﬁeiiz (ﬁz_ 1) Inu = — (‘/32_ 1) Inu RO (x,;0,0).  (3.207)

The corresponding divergence of R(!) is obtained by multiplying it by —(n+2)e3g/6 = (n+2)g/6.
This contribution is entirely due to the edge behaviour, thereby it is related with the term

z —6g
(%) ~ O (3.208)

appearing in the scaling form (3.69b) (the specific value of the constant A is inconsequential for
the leading asymptotic behaviour). Therefore, at the Wilson-Fisher fixed point g = g* =3/(n+
8)(47) %€ + O (€?) we have

—0 — —957()— 9E718—|—0(82) =

_n+2 (\/§—1

2
ol >s+0(8), (3.209)

which gives back the value for the special transition displayed in Eq. (3.74). For the ordinary case,
#> = 0 and we have to take the first non-trivial order of the expansion of the hyperbolic functions
in .4 in Eq. (3.189), i.e.,

- o T 1
82 Nf~/ dle_12 (1 —C—Cﬂ) :,f~£ (1 - —) . 3.210
1 pry ~ %9 0 Y Vv1i+C ( )

Analogously to the case above (see Eq. (3.193)), we have

(@42 2 |y = VEAL(A1) €5 55 0(u, ), (3211
with

2
%(Eﬁ—f—ucosaﬁ’z)

” -3
2P ) (3.212)

. = dp’
Q)= [ e (T

We apply again the same procedure employed for the special case, i.e., we derive with respect to u
and define

3.0, &) = i (Ri(. )+ Rafue. ). (3213)
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where
~ coso [ —%(u%-}—')ﬂcosa) 2’}/2 7%
K = 1-{1
1(u, @) 4 /0 dyye ! ( +(y2—|—u)[l—|—sina()/2+u)])
(3.214)
and
3
o 1 2 2 2
R . —z u—+yzcosa> 23/
K> (u,c =—s1n06/ dyvye o [H i } %
(u, ox) A (P +u) [1 +sina(y? +u)] (3.215)

x (1 +sina(y2+u))72.

We now have to calculate the sum of these two expressions for u = 0, which gives

1
~ coso [ 1.2 2 2 1
K (0 = — d Tareeso (14— =+ 3.216
1(0,0) 4 /o rre [ <+1+Y25ina) ] ;A (), (3216)

with

[SIE

oo 2 -
%(OC) = COj(X/O d,},,},e—%yzcosa (1 + m) ) (3.217)

and

[\S1{9]

K>(0,) = —sina/wdyye_iyz“’sa (1 +#) (1 +J/Zsinoc)72 =
0

1+ y2sino
1 1 oo
oo 1 1 2 2] 1,2 2 2
= d _ZYZCOSO‘_a 1 — — |e—arcosa [
/() rre 2y y< +H—)/zsinoc) 2 le ( +1—|—}/Zsin(x) 0+
1
1 [ 2 T2 1,2 1
- = dy |1+ —s—— Oye 3V S — ().
2 Jo 7( +1%—’}/2sinoc) ve 2V/3 ()
(3.218)
As a consequence, in this case
O(ua) 1( ! 1)1 +o(1) for (u—0) (3.219)
u) ~ —- | —= — nu or u—_~0), .
2\V3

which in turn implies

(4> 2 |y ~ \/T%A4(At)e_‘ll(j2)i~ (L - 1) Inu = % <% - 1) RO(x,1;y —0,0).
(3.220)
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This expression differs from Eq. (3.207) by the sign and the fact that /3 — 1/1/3; on the other
hand, the sign is reabsorbed by &3 in Eq. (3.139). Therefore, the value of ¢ in the ordinary case is
given by

n+2 (1

000~ 0eae+0(F) =22 (Jo—1) o). eam)

which again reproduces the result previously reported in Eq. (3.74).

3.C.1 Renormalisation factors

As we have mentioned while discussing the divergence at the initial time, i.e., the case of %51), one
can analogously look for dimensional poles o< 1 /€ by fixing the functions at the boundaries. These
divergent part can be absorbed by standard multiplicative renormalisation techniques, as we briefly
show here focusing for simplicity on the special case. We therefore introduce [11, 20, 23, 53]

o=22 ", (] Zw, (3.222a)
Go=2 é ", (o] =d+%ﬁ+ﬁ°, (3.222b)
s =22 Zlé o5, [01] =CZ+%M, (3.222¢)
e =70 70 72 23 7, ] =22 +§“ Tt e, (3.2224)

where @ (R) generically denotes the renormalised response field. Here, Z is the bulk renormalisation
factor, Zy refers specifically to the temporal boundary, whereas Z; to the spatial one; finally, Zg
takes care of the additional renormalisation of the edge fields g, according to the appearance of
novel divergences in this regime. In order to account for the differences in the scaling dimensions,
we have introduced three novel anomalous dimensions 7o, f}; and fjg [23, 53] in addition to the
usual one 7] [11] introduced in Eq. (3.8). According to standard RG techniques, these corrections
can be obtained by taking the logarithmic derivatives

fi; = —e g dglog Z;. (3.223)

From the three algebraic factors coming from the SDEs of Eq. (3.69b) one finds that the exponents
we have discussed in the previous Sections can be completely rewritten in terms of the bulk ones
and the boundary anomalous dimensions as

iy =2P lv"ﬁ . flo=-26z,  fip =26z (3.224)

In the following, the coordinates shall be always thought to be different from 0, unless otherwise
stated. In dimensional regularisation, one can extract from Egs. (3.144), (3.150) and (3.185) the
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one-loop corrections:

R(x,1;y,5) =R (x,1;y,5) + 0 (&), (3.225a)
+2 g
R(x,1;y,5 =0) =R (x,1;y,0) [ 1+ +0(gY), 3.225b
(x,t;y,5 =0) (x,t;y )( 3 (an)’e (&%) ( )
+2 g
Rxt;y=0,5)=RO (x,1:0,6) [ 1+ 228 ) +0(¢?), 3.225¢
(x,t5y s) (x S)( 3 (471:)28 (g) ( )
341
R(x,t;y=0,5s=0) =R (x,1;0,0) 1+”+2(f+2>g +0(g%). (3.225d)
3 (4m)’e

Equation (3.225a) implies Z = 1+ 0 (g*), which, at the Wilson-Fisher fixed point g* = -3¢ (4m)* e+
0(&?), becomes Z =1+ 0 (82> [11]. From Eq. (3.225b) we find instead the less trivial result

- +2 1
! (&%)

Zy=1 = (3.226)
0 3 € (4m)?
Applying the logarithmic derivative (3.223) yields [23]
- g n+2
= (3.227)
No (an? 3

The renormalisation factor associated to the spatial surface for the special transition can be ex-
tracted from Eq. (3.225¢) and corresponds to [59]

~ n+2g 1 2
Zi=1-— =—— g%). (3.228)
Again, by deriving according to Eq. (3.223), one obtains
- g n+2
| =— ) (3.229)
Ty 3
Finally, from Eq. (3.225d) one can calculate
~ n+2gv3-1 2
F—1— s +0(g (3.230)
and, consequently,
+2
fip = — \/_—1> g rre (3.231)
At the fixed point Egs. (3.227), (3.229) and (3.231) become
n+2 n+2 n+2
T N e P 3—1>—, 3232
Mo n—i—8é3 M n+88 nE <\/_ n+88 ( )

which, when inserted in Eqgs. (3.224) and using the fact that z =24 O (82), render the first-order
corrections to the exponents we have found above (see Egs. (3.33b), (3.55) and (3.74)).
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4 Quantum quenches: two alternative
approaches

The development of quantum theories in the first half of the 20-th century completely revolu-
tionised our view of the world at the microscopic scale. Actually, there are several macroscopic
features which are affected by quantum effects, such as the photoelectric response of metals to
high-frequency radiation, or the semiconducting behaviour of many metalloids. However, they are
mostly the reflection of a large number of microscopic degrees of freedom independently behaving
according to quantum mechanics. It is much more difficult to highlight quantum many-body ef-
fects, mainly due to the fact that the interaction of these degrees of freedom with the environment
typically destroys the coherence between their constituents on extremely small time-scales. Only
recently, thanks to the advances in cold-atomic techniques [29], it has become possible to engi-
neer macroscopic systems which display non-microscopic coherence times, ranging from some
milliseconds [35] up to a few seconds [27]. This allowed for the first time to undertake the study
of quantum dynamics in an experimental setting, highlighting many intriguing effects, such as the
ones, mentioned in the Introduction, which are illustrated in Figs. 2.2 and 2.3.

Among the various analytical methods which have been devised in order to approach the
physics of quantum many-body systems, field-theoretical ones prove to be particularly useful, es-
pecially in the thermodynamic limit. In fact, they provide a rather general and versatile framework
to investigate a variety of different systems and naturally allow one to address the possible emer-
gence of collective phenomena, which typically defy other approaches. Field theories have been
widely and successfully used in the past for describing the static and dynamic behaviour of many-
body systems in equilibrium [11], greatly contributing in the progress of our understanding of
condensed matter. Within this approach, one typically identifies asymptotic states of the theory
for t — +o00o — corresponding to the absence of interaction, which is assumed to be switched on
and off adiabatically in these limits — in such a way that the quantum state with no elementary
excitations (vacuum) in the far past 1 — —oo and in the far future + — +oo differ at most by an
overall phase factor (Gell-Mann and Low theorem [93-95]). Non-equilibrium processes, on the
other hand, often involve sudden changes of the control parameters of the system which generically
violate the condition of adiabaticity required above, rendering the identification of the asymptotic
states in the past with those in the future problematic.

However, a strategy to deal with this problem has been known since the 60s [96, 97]: it is based
on an effective time evolution running on the contour sketched in Fig. 4.1, which just requires the
knowledge of the initial state, whilst not needing any kind of inference on the structure of the
asymptotic state in the far future. This approach is usually referred to as Keldysh (or Keldysh-
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Schwinger) formalism [98—103] and, for convenience, we summarize its main features in Sec. 4.1.
Among the different protocols which may be employed to drive an isolated quantum system out

Forward branch
>

o
0 Backward branch M

>
time

~J

Figure 4.1: Sketch of the "time evolution" within the Keldysh formalism. Without loss of general-
ity, we fix at = 0 the time at which the initial condition pg is imposed. The rightmost time #); has
no specific physical significance: as long as it is larger than all the values of the time at which the
various quantities are considered, its position along the real axis is inconsequential and can be chosen
arbitrarily, as clarified in Section 4.1. Differently from the dynamics in equilibrium, the difficulty in
identifying the asymptotic states in the future with the ones in the past does not allow the transforma-
tion of the backward branch of the contour into a forward one from fj; to + and therefore one has
to deal with a closed-time path integral instead of with an "ordinary" one.

of equilibrium, in the following we focus on the one which is conceptually the simplest, i.e., the
quench: as stated before, in spite of its simplicity, it actually encompasses a rich variety of cases
and is currently under intensive theoretical and experimental study (see, e.g., Ref. [41]). From
a formal point of view, two equivalent formulations may be given: the system is prepared in the
ground state of a Hamiltonian Hy; at time ¢ = O the Hamiltonian is switched with a new, time-
independent one H, which governs the subsequent (¢ > 0) evolution. Alternatively, one can think
of having only one Hamiltonian H while the system is prepared at t = 0 in a (pure) state which is
not an energy eigenstate.

An alternative approach for studying the dynamics of an isolated quantum system after a
quench has been recently proposed and successfully applied in Refs. [2, 3]. Instead of relying
on the Keldysh contour, this method represents a generalisation of the usual Wick rotation [94]
to non-equilibrium problems, as it maps the original dynamical system in d spatial dimensions
to a static (d + 1)-dimensional one, where the additional “spatial” direction is provided by the
imaginary axis in the complex plane of times. A fundamental difference which arises with respect
to equilibrium is that the Euclidean framework obtained in this way is actually confined within
a film geometry, i.e., the system is defined in an effectively bounded interval of imaginary times
[—¢, €], which can be conveniently thought to be centered on the real axis. This mapping makes
it possible to take advantage of the available knowledge about the thermodynamic and structural
properties (e.g., correlation functions) of statistical systems confined within films of finite thickness
[25, 53, 61].

This Chapter provides a critical comparison of the two different approaches mentioned above,
in order to highlight analogies and differences and elucidate them in the simplest possible cases. In
Sec. 4.1 we provide a summary on the main concepts concerning the two-time Keldysh approach.
The following Sec. 4.2 is instead devoted to briefly introducing the mapping to imaginary times for
non-equilibrium quantum dynamical problems. In Sec. 4.3 we discuss how these two formalisms
are related, paying particular attention to the relationship existing between the initial conditions
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of the dynamical problem and the boundary conditions at the edges of the film in the euclidean
one. We show that an interpretation in terms of a static system in a film is not always possible,
but requires the initial state to be pure; on the other hand, we are still able to provide a formal
definition of a theory in the film in the case of statistical mixtures. We also provide a detailed
discussion of the issues one encounters in performing the analytic continuation from imaginary to
real times, providing a prescription to retrieve the various Keldysh functions from the ones defined
on imaginary times, working out explicitly a few simple examples. In Sec. 4.4 we make use of
such an analysis to show that one can employ the euclidean formalism not only for calculating
correlations, but also response functions. Finally, in Sec. 4.5 we summarise our main results.

4.1 The Keldysh formalism

Consider a generic quantum many-body system which can be described in terms of a given set
of fields W, ¥, either bosonic or fermionic (e.g., containing information on the density of charge
carriers in a semiconductor), which evolve according to a Hamiltonian H in a d-dimensional space,
starting from an initial condition encoded in a density matrix pg. Since we consider below homo-
geneous, and thus space-translationally invariant, systems, the dependence of these fields on the
spatial coordinates will play no significant role for our discussion and shall be implied by the nota-
tion W(r) = W(X,¢) whenever confusion may not arise as a consequence. The typical observables
one is interested in are correlation functions such as

(W()¥(12) ... W(tn)) = o {¥(11)¥(r2) ... ¥(ta) po} , (4.1)

where the fields are expressed in the Heisenberg representation (1) = e’ We 1!, The Keldysh
structure of the evolution reported in Fig. 4.1 emerges already at the level of the one-time function
(P(t1)) = (e We H"): the operator e " represents the forward branch, as it evolves the
initial state at r = 0 to its counterpart at the measurement time ¢ = ¢;, whereas the backward branch
is generated by e, which brings the state of the system back at ¢ = 0, where it is projected onto
the initial state pg (by the cyclicity of the trace). Clearly, by introducing the identity in the form
1 = e/fltu—t)e=iH(tu—1) to the immediate right (or left) of the field ¥, one can indefinitely extend
the contour to any point #); on the right of the original “turning time” ¢#{, the value of the latter
being completely inconsequential. On the other hand, the path has to definitely reach ¢;, where ¥
is measured; trying to deform it to the left of #; enforces a more complicated structure, which we
portray in Fig. 4.2. This explains, in the simplest case, the irrelevance of the precise position of
the rightmost point and the requirement that it be greater than any measurement time. While the
same argument can be repeated for two-time quantities, starting with three-time ones, the Keldysh
structure enforces a constraint on the order in which fields may appear inside the expectation (4.1);
for example, taking (W(7;)W(r,)W(r1)) with £, < f; and trying to apply the same interpretation as
before, one ends up with a contour similar to the one displayed in Fig. 4.2, where however the
central part does not represent the identity anymore, as the second field lies upon it. Thus, in
order to identify those correlations which can be actually described in a Keldysh framework, it is
convenient to define the corresponding time-ordering operator Tk, the action of which is to move
all the operators lying on the backward branch to the left of those lying on the forward one, while
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Figure 4.2: Example of the effect of inserting at time #, on the Keldysh contour (black, solid line)
the identity in the form e(a—%)e=H (=) (red, dashed line). This choice is completely equivalent to
the original one as long as no field is positioned along the red, dashed part of the path. The vertical
separation of the lines represents just a visual aid to distinguish them, while they should be collapsed
onto the real axis, which implies that the time variable can be thought to be fourthly degenerate within
the range [t,, 1.

imposing the canonical time-ordering on the latter and the opposite ordering (anti-ordering) on the
former. For the sake of clarity, consider a generic product of operators ¢ at times tq,1,,...t, and
$1,52,...8y, which are positioned along the Keldysh contour as shown in Fig. 4.3: Tk renders

Tk [011)...0tn)O(s1)...0(0) = (—1)Z O (s1)...0(50)Otn) ... O),  (42)

where & corresponds to the parity of the permutation applied to the fermionic operators (e.g.,
it would be mn if they were all fermionic and identically vanish it they were all bosonic). Ac-
cordingly, reading from the left to the right the arguments of the operator, one always obtains an
increasing sequence of times followed by a decreasing one.

Quite naturally, all the correlation functions of the fields which are Tx-ordered can be derived
from the generating functional

Z[,J] = tr{TK {exp (i / dx /K d (J(t)‘P(t) ()Y (r)))] po} , 4.3)

where J and J are suitable source terms defined on the Keldysh contour (we refer to App. 4.A for
the explicit construction of the path integral). Indeed, time-ordered correlations are obtained by
functional differentiation of Z with respect to the sources, e.g.,

§"Z[J,J]

(T [¥(0)¥(12) ... (1)) = (—i)"5 7). 500

, “4.4)
J=J=0

where we have used the simplified notation (-) = tr{(-)po}. Naturally, the expectation of an ob-
servable at any given moment must be a well-defined quantity: in this context, this property may
be rephrased as “being single-valued” in time, which means that its expectation at corresponding
points on the forward and backward branches of K must coincide. However, at intermediate stages
of the analysis it is actually convenient to distinguish them as if they were completely unrelated
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Figure 4.3: Sketches of a collection of times defined on the two branches of the Keldysh contour.
(a) As specified in the main text, the Tx-ordering of a product of operators taken at times {¢;,s;}
moves to the left quantities lying near the end of the contour (i.e., on the backward branch) and to
the right those lying next to its starting point (i.e., on the forward branch). Within the forward and
backward branches operators are ordered according to the canonical time ordering and anti-ordering,
respectively. Whenever ambiguities might arise, we shall distinguish points belonging to the forward
and backward branches by adding the subscripts "+ and "—”, respectively, to the corresponding

time, as sketched in panel (b).

(see App. 4.A); for this purpose, we introduce the subscripts + and — for the forward and backward
branch, respectively. Equivalently, one might think of the time ¢ as taking two different values 7,
and 7_ on the two branches, as depicted in Fig. 4.3(b). In particular, the source terms in Eq. (4.3)
will be generally considered as double-valued, by distinguishing, e.g., the value J, () = J(r..) that
J takes at time ¢ on the forward branch from the value J_(¢) = J(r_) it takes at the same time #
on the backward branch. At the end of the analysis these two values have to be identified, i.e.,
J(t) =J_(t) = J(t). Once this has been done and the ordering has been made explicit (as in
Eq. (4.2)), the subscripts + may be safely disregarded, and the time coordinates considered single-
valued along the real axis, with no further distinction between the two branches.

Within this formalism, one introduces the two-time correlation functions of the fields as fol-
lows [98, 100]:

827[1,J]

iGi(t,s) = — 85J(1+)8J(s+)

= (Tic [W(e) 1 (52)] ). 4.5)

J=J=0
where 7+ and sy are defined on the Keldysh contour K and ¢ and s indicate their corresponding
values along the time axis. The four different combinations of subscripts + and — give rise to

iG=(t,s) = iG_(t,5) = £ (¥ (s)P(1)),
iG> (t,s) =iG_(t,s) = (P(t)¥(s)),

iG" (t,5) = iG1(1,5) = (T[¥(1)¥"(5)]),
iGT" (t,5) =iG__(t,s) = (T*[P(t)¥"(5)]),

(4.6)

where, having already indicated explicitly on which branch each field lies, we have dropped the
subscripts + from the times. Here 7" and T* denote the standard operations of time-ordering and
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anti-ordering. In the case of G<, the sign on the r.h.s. distinguishes the case of bosonic fields (+)
from the case (—) of fermionic ones. These functions are known to satisfy the identity [98, 100]

GT+G" =G” +G= (4.7)

and therefore at most three of them are actually independent. An often convenient reformulation
is given by the so-called physical representation, which is defined in terms of the "classical” and
"quantum” components of the fields

Y.(t) =W(:)+W¥(-) and W, (1) =¥(r+)—¥(ro), (4.8)

respectively. The corresponding two-point correlations are usually referred to as classical (or
Keldysh), retarded, advanced and quantum functions:

"

GK(t,5) = —L(Tx[Pc()Pi(s)]) =G (1,5) +G<(t,s),

G'(t,s) =3 (Tx[¥e()¥(s)]) =0(t—5)[G(1,5) = G=(t,5)], 49)
G(tys) = =5 (Tk[¥g()i(s)]) =—0(s—1)[G™(t,5) = G=(t,9)],

| Gi(1,s) = =5 (Tk[¥e()¥}(s)]) =0,

where the rightmost equalities follow from Eq. (4.7). The physical representation is particularly
useful as it makes the inherent causal structure of a dynamical theory apparent, due to the presence
of the step function 6, with 6(r < 0) = 0 and 6(¢ > 0) = 1. For example, the retarded function G”
can be interpreted as the (linear) response of the classical field W, at time ¢ to a small perturbation
applied at time s [100], as it will be discussed in more detail in Section 4.4. Accordingly, causality
implies that G" vanishes for ¢+ < s because physical effects cannot propagate in the past. This
feature is analogous to the one encountered in Sec. 3.1.2 when discussing the properties of response
functions in classical system. Actually, one can conceptually think of the classical component W,
as being the analogous of the order parameter ¢ of Chap. 3, while the quantum component ‘¥,
ideally corresponds to the response field @. Moreover, if the quantum system we are presently
interested in is no longer isolated but linearly coupled to an equilibrium thermal bath of quantum
harmonic oscillators, one can show that in the classical limit # — 0 (with ¥, = (¥4 —¥_)/h) the
action effectively describes a dynamics governed by a Langevin equation [8, 98]. In such a case,
the noise constitutes an effective description of the degrees of freedom of the bath, which, thanks
to the fact that they are Gaussian by assumption, can be conveniently integrated out.

4.1.1 Path-integral and initial conditions

In the present Section we focus on the case of a single real, scalar field ¥ = ¥' = ®, although
the following considerations extend straightforwardly to more general cases. The generating func-
tional (4.3) can be cast in the path-integral formalism (see App. 4.A) as

2] = [ 29559109 6(0.) | poo(0-)), (410
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where J is the source coupled to the only field present. In this effective representation, the inte-
gration variable ¢ () is a classical field whose evolution defines a “path”, Sx[¢] = [ dtL[¢] is the
action of the system, L[] = [d?%x.Z[¢] its Lagrangian, which can be obtained from the Hamil-
tonian H via the Legendre transformation L[®] = [d“xI1(%,¢)®(X,t) — H, where IT denotes the
quantum field conjugate to &P:

[@(%,1),[1(7,1)] = ihd (X — ). 4.11)

In Eq. (4.10) J - ¢ = [ drd?x J(%,1) ¢ (%,) is a shorthand for the source term, and the “functional
measure” is thought to be normalised such that Z[0] = 1. The density matrix py which characterises
the initial condition of the system plays the role of a "boundary" term for the path integral. In order
to better highlight this fact, it is convenient to adopt a slightly different approach: we introduce
two fields ¢+, which are single-valued in time and correspond to the original field ¢ defined on
either branch of the Keldysh contour, according to the notation introduced before: ¢, (1) = ¢(¢)
and ¢_ (1) = ¢(¢_). The Keldysh action can be rewritten as S [¢] = S[¢+| — S[¢_], where S[¢+]| =
féM dtdix [¢4] has the same Lagrangian density as Sk, but, while the former is integrated along
the whole contour, the latter runs only on the real axis from O to #)7; the overall minus sign appearing
in front of S_ is due to the fact that the backward branch is actually covered in the reversed direction
(i.e., from tj; towards 0, see Fig. 4.1). By performing an analogous redefinition of the source J, we
can rewrite Eq. (4.10) as [100]

Zli - / D6, D¢ SIS0 I0100) (6, (0) pgl9_(0)),  (4.12)

where the functional integral is performed over the configurations (paths) of the fields that coincide
att =ty, i.e.,

= {paths defined on the interval [0,y such that ¢ (tpr) = ¢_(tar)} . (4.13)

As we pointed out above, t); can be chosen arbitrarily, as long as it is larger or equal than any other
time involved in the correlation functions one is interested in. In particular, #); can be identified
with the largest time involved in a certain correlation function and therefore the condition @4 (t)7) =
¢_(tpr) allows one to move the corresponding field from one branch of the contour to the other.

The expectation (@, (0)|po|@—(0)) is in general a functional F|[¢,(0),¢_(0)] of the initial
fields which, rewritten as F = €', can be incorporated into the action:

2l / Do, Do S10+11=S10-T1+50[61.(0).9-(0)]) (4.14)

with

{SN),J] S[9]+7- ¢ = 3" dr [d'x [L[9(F,0)]+J (X, 1)(X,1)],
(4.15)

S0(¢+(0),9-(0)] = [ dx.Z[9+(%,0),-(%,0)],
where .Z is the Lagrangian density which enters in the action Sk of Eq. (4.10). The functional

£ encodes the properties of the initial state and is generally a rather complicated function of
its arguments. In terms of the fields ¢4 and ¢_, the generating functional in Eq. (4.14) has the
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same structure as the partition function that we have encountered in the Chapter 3 when studying
classical systems in the presence of boundaries [53] (see, e.g., Eq. (3.13)). Within this setting,
the term S in Eq. (4.14) plays the role of a "bulk" action of the field, whereas Sy is identified
with a boundary term, which is indeed localized at the surface t = O of the semi-infinite system. In
addition, as long as one is interested in emerging collective behaviours of the classical system close
to the surface, one can suitably construct a combined renormalisation-group flow for both § and
So, a fact which leads to the notion of surface universality and fixed-point surface actions that we
have discussed in Sec. 3.1. In these cases, one can typically assume that not only the most relevant
terms of the bulk action are captured by a series expansion of § in the field and its derivatives, but
that the same idea applies also to the surface term Sy [53]. Analogously to what we have done in
Chapter 3, below we focus on initial states of the quantum evolution for which Sy can be expanded
in a power series of its arguments.

As in the case of classical systems in the presence of a boundary, the effect of the action Sy in
Eq. (4.14) is to generate effective boundary conditions for the fields ¢, as one can readily verify
by determining the configuration of the fields which renders the total action extremal (i.e., solving
the “classical” variational problem, see, e.g., Eq. (3.15)). In fact, assuming for the bulk Lagrangian

% the canonical structure {

Z[9]=5((9)* = (V6)*) - V[o]. (4.16)

where V is a regular function (e.g., a polynomial) of its argument, the functional derivative with
respect to the fields generates a boundary condition of the form

0S0[¢4(0),¢-(0)]
0¢+(x,0) ’
which holds at the "classical" level, i.e., for the extremal field. The l.h.s. of this expression is

generated by the term (d,¢)? which appears in .Z (see also the discussion following Eq. (3.15)): a
small variation ¢ — ¢ + 8¢ of the field, in fact, yields

0,0+ (x,1) |,_g =+ (4.17)

)

[ aon+somP = [Ma{@en+2@80m)a0w+. },  @is)

to linear order in 8¢; integrating by parts the linear contribution, one finds

o0S[¢,J] = /ddx{5¢(tM)8,¢(t) =1, — 09(0)3:9(t) |,—o + bulk terms} . (4.19)
Accordingly, the variation of the total action with respect to the boundary field ¢_(0) is given by

_ 6(S[¢+, /1] —S[9—, /-] +S0[¢+(0),0-(0)]) _ 609+ (0), ¢ (0)]

0= =09 (1) =0+ ,

5¢_(0) 6¢-(0)
which, together with the corresponding expression for ¢, yields Eq. (4.17).

If the system under investigation evolves in the proximity of a critical point, collective be-
haviours are expected to emerge and to affect the resulting non-equilibrium evolution. In this case,
the effects of fluctuations become predominant and simple mean-field-like (or Gaussian) approx-
imations fail. As long as one is interested in the leading scaling behaviour which characterises

(4.20)
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these emerging phenomena, renormalisation-group arguments allow one to simplify significantly
the structure of the total action because terms which are irrelevant by power counting can be dis-
carded, as we have already discussed in Chap. 3. For example, in a theory near four spatial di-
mensions with a potential containing a term o< ¢*, the only relevant terms in the initial action S
which are symmetric under Z, transformations (i.e., ¢ — —¢@) are those quadratic in the fields.
Consequently, the initial conditions generated by Eq. (4.17) are linear

{ P4 (t) |,—o = c++9+(0) +c+-9-(0), 21)
99— (1) |,—o = c——9—(0) +c—+ ¢, (0), '

with suitable (generically complex) coefficients ¢4+ 1. Constraints of this form are also known as
Robin boundary conditions. In Sec. 4.3.1 we discuss in detail the constraints which the values of
c+ + are subject to due to the general properties of py. Linear boundary conditions (or, equivalently,
a quadratic .%p) offer the advantage of producing closed equations for the correlation functions, i.e.,
once inserted into a n-point correlation function, Eq. (4.21) gives rise to an equation which involves
only other n-point correlation functions and their time derivatives. Instead, if higher-order terms
were included in Sy (e.g., ¢* with k > 2) this would generate a hierarchy of equations (connecting,
e.g., n-point correlations to (n+ k — 2)-point ones). A quadratic Sy actually encompasses a wide
and physically relevant class of initial states, which include — as we show further below in a

simple case — all possible generalised thermal ensembles of an infinite set of harmonic oscillators
[103], i.e.,

49k 7
—[ S5 hw
po=Ne | amiProras (4.22)
where az and a; are bosonic creation and annihilation operators corresponding to the momentum
k, ay, is the dispersion law, f; > 0 a mode-dependent temperature-like variable and .#” a normali-

sation constant which ensures that tr{py} = 1.

4.2 The Euclidean formalism

Here, we briefly discuss the formalism introduced in Refs. [2, 3] in order to describe the dynamics
after a quantum quench, presenting it according to the notations introduced above. In particular,
consider the expectation value on a pure state po = |Wo) (Y| of an observable & at time ¢:

(O(1)) = (wole™ G |yp) . (4.23)

As mentioned in the previous Sections, this expectation value can be calculated in a path-integral
formalism which runs on the evolution contour sketched in Fig. 4.4(a). On the other hand, we can
rewrite the expectation above as [3]

(O(t)) = lim (O(1)), = lim+Z_1 (yo| e —¢H @ e~ IHI—EH |y | (4.24)

e—0t e—0

where the two factors e “¢¥ with £ > 0 have been introduced in order to make the correspond-

ing path-integral representation absolutely convergent, while Z = (wp|e %€ |yp) normalises the
expectation of the identity to 1. The regulator e ¢ can be effectively regarded as the evolution
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Figure 4.4: Analytic deformation of the Keldysh contour in the plane of complex times: starting
from (a), the initial and final points (which correspond, e.g., to the ground state | ) of some Hamilto-
nian, i.e., to a pure initial state py = |p) (Wo|) of the oriented contour are moved along the imaginary
axis as shown in (b). At the price of relinquishing the direct evaluation of expectation values of oper-
ators taken at times on the real axis, the original Keldysh path can be seen as a representation of the
identity e “"#™me/H™m and can be therefore shrunk to 0, bringing the whole contour onto the imaginary
axis, as presented in (c).

operator from complex time 7" to T — i€, leading to a path-integral of the form

(01)e = [ 76 (wol 6(~i)) (9ie) wo) (9(1)| & [o(1)) &/, (4.25)

where the contour Y is shown in Fig. 4.4(b). Note that our convention is slightly different from the
one adopted in Refs. [2, 3], because we take T = i€ as the starting point of our contour, instead
of T = 0. The path displayed in Fig. 4.4(b) constitutes clearly a specific choice which involves a
separation of the evolution with imaginary and real time (e.g., in the upper half-plane of complex
times we take first e €7 and then e~ "H). Actually, a different discretisation of the time interval
would result in any path which proceeds from i€ on the imaginary axis downwards and rightwards
towards ¢ on the real axis and from there downwards and leftwards towards —i€ on the imagi-
nary axis; by introducing the identity operator in the form e~ il iHI" \yith generic real ¢’ one can
relax the constraint about the rightwards and leftwards motion in the upper and lower complex half-
plane, respectively (see Fig. 4.2); by analogy, one could think of doing the same for the downwards
motion by adding a product e TeH? (with non-vanishing, real 7’), which is again an acceptable
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rewriting of the identity; however, this expression poses serious problems to the construction of
the path integral whenever the spectrum of H is not bounded from above. For example, for an in-
finitesimal interval T/ = 87 > 0 one would find a propagator of the form (¢ (79 + 87)[e7 |¢ (1)),
where 7 is the point of insertion, which is generally ill-defined, as it can be easily checked in the
example reported in the next Section (see Eq. (4.63)). As a consequence, the path in Fig. 4.4(b)
can be actually deformed in an arbitrary way which keeps the end points +i¢€ fixed and still passes
through 7 (i.e., the time at which the observable & is measured), but never proceeds upwards. This
freedom in the choice of the path appears to clash with the fact that Eq. (4.24) is uniquely defined;
thus, Eq. (4.25) must not depend on the choice of the contour y and, since the latter appears only
in the argument of the exponential, this in turn implies that the Lagrangian L[¢ (¢)] must be treated
as an analytic function of the time variable. This conclusion allows one to calculate (&/(¢)) with a
different approach: in fact, assuming that this quantity is analytic in ¢, the analysis can be restricted
entirely to the imaginary axis by determining

(0(it). =2 (wole ETIH gD  yp) | (4.26)

on the interval —€ < 7 < € — which ensures that all expressions are well-defined — and by
performing an eventual analytic continuation to real times. The path-integral representation of
Eq. (4.26) becomes equivalent to one describing a static system confined in a film of width 2¢, i.e.,

(O(it)), = / 79 (wol9(—ie)) (9 (ie)| wo) (9(iT)| O |9 (it)) e~ e deLeld], (4.27)

where Lg = [ d%x.%% is the Euclidean Lagrangian which is obtained from —L by substituting o,
with id;; for example, for a Lagrangian of the canonical form (4.16) one has

L= (00 +(V0)) + Vo). (4.28)

The integration contour associated with Eq. (4.27) is sketched in Fig. 4.4(c). Thereby, the initial dy-
namical problem has been reformulated in terms of an Euclidean field theory with surfaces, where
the initial state |yp) encodes the boundary conditions. The approach that we have just described
proves to be particularly useful in the case of conformal theories in two dimensions, which —
being exactly solvable — can be rather straightforwardly continued to real times; boundary states
which preserve the conformal invariance, however, are in general not normalisable [73, 104]. In
order to overcome this difficulty it is then preferable to consider an initial state |yp) which is
slightly different from one of them. In fact, following Refs. [2, 3] one can argue that, as long as
the interest is in the leading scaling behaviour close to quantum critical points, the expectation
value in Eq. (4.24) is not actually determined by |yp) but by the boundary state }l//(}"> to which
|wo) flows under renormalisation group (RG) transformations. In this respect, the state |yp) gives
rise to boundary conditions which are approximately equivalent to the ones generated by }1//8‘>,
the main difference being that they are translated from the actual edges +-¢ to effective boundaries
positioned at +(7p + €). In a sense, Ty can be regarded as being equivalent to the extrapolation
length [24, 53] that we have introduced in Sec. 3.1.1 and illustrated in Figs. 3.2. In fact, as in
the classical case it provides a measure of the “distance” from the corresponding surface critical
point, in the Euclidean one it encodes the distance from the RG-invariant state. Consequently to
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its introduction, the limit € — 0 can be safely taken; the width of the resulting film is then twice
the extrapolation length 7y. The considerations above, which hold for a one-time expectation, can
be straightforwardly generalised to the case of n-time correlation functions

(1" [ﬁ(ifl)--ﬁ(ifn)]%:/@‘l’ (wol (—ie)) (9 (i€)| yo) O(imi) .. O(i,) e~ e el0] - (4.29)

where O(ity) = (¢ (i7x)| €' |9 (itx)). The time anti-ordering T takes into account the orientation
of the path along the imaginary axis (see Fig. 4.4(c)). The real-time correlation functions one is
actually interested in can be obtained by analytically continuing Eq. (4.29) back to real values and
then by taking the limit € — 0. Thus, whenever the Euclidean theory is analytically solvable in a
confined geometry, the corresponding non-equilibrium dynamics is also exactly solvable.

4.2.1 Conformal field theories

In critical systems, the emergence of scale invariance, combined with the preexisting translational
and rotational ones, gives rise to conformal symmetry [73]. As a matter of fact, this increases the
constraints imposed on observables to the point that one can completely fix the scaling behaviour
of two- and three-point functions to

Cii, Oa; A,
(D, (1) P, (F)) = ——— 2,
%) — X7
(4.30)
S S - Ciinis
(i (X1) D, (%) Py (X3)) = N TA, A A A, A A TAL AL
X12 T X13

where A, = [CI)ij} denotes the scaling dimension of the j-th field and where we introduced the
shorthand notation x,, = |X, —X|. On the other hand, should four or more points be involved,
conformal invariants such as the anharmonic ratio x1,x34/(x23x14) can be constructed, making it
impossible to completely determine the corresponding scaling forms. Four-point functions, for
instance, can be generically cast as

4 1 4
S . X12X34 X12X34 §<Zj:1 Aij)*Aia*Aih
D, ... D; =F 4.31
< 11<x1> l4(x4)> (X13XQ4’X14)C23) allxab ’ ( )

with F a regular function of its arguments which depends on the specific model.

The case of two-dimensional systems is special in the fact that the conformal symmetry is char-
acterised by an infinite set of generators and therefore provides an extremely stringent constraint
on their physical properties [73, 74, 105]. In particular, a generic conformal transformation

X = fi(x,1), ' = fr(x,1) (4.32)
must obey the conditions [73]

afi _dfs dfr _ dfi

o> o ox . o (4.33)
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which become completely equivalent to Cauchy-Riemann conditions when rewritten in a complex
formalism z = x+1it, f = f1 +if>. This implies that f must be holomorphic (to be more precise,
also the corresponding antiholomorphic part must be generally included). Fields which transform
according to this extended set of transformations are referred to as primary and completely en-
code the operator content of the theory, i.e., every other one can be derived from them. Under a
conformal map w — z(w), their expectations are reshaped as

7Al‘1 —Ajy,

(@i, (z(w1)) .. D, (2(wn))) - (4.34)

w=wy,

dw
dz

dw
dz

(i) (W) ... D, (Wn)) =

w=w]

Moreover, the number of independent anharmonic ratios is reduced; for a single field ®, the four-
point function (4.31) takes the simpler form

2A
(@(z1)...D(z1)) = (ﬂ> F(n) with n=132% (4.35)
2121313334224 2143223

As we have mentioned above, conformal symmetry can still be employed in systems with
surfaces, provided that the boundary conditions do not break it completely [104, 106]. In particular,
for semi-infinite systems one can think of the real axis as a mirror reflecting the holomorphic part
into the upper complex half-plane (UHP) into the antiholomorphic one in the lower half-plane
(LHP). As a consequence, such as in the case of image charges in the presence of a flat surface, the
number of points is effectively doubled and one can write a generic n-point function in the bounded
geometry as a 2n-point function in the bulk depending on the original coordinates z1, ...z, and their
conjugates 71, ...Z,. For example, the two-point function in the UHP can be rewritten as the four-
point one in Eq. (4.35) with z3 — 77 and z4 — Z» [3, 106]

2A
212271 . 2113222
D(z71)P(n = <—) F; with = , (4.36)
(@@)Peunr = (22— ) K =1

where now F; does not depend just on the model, but also on the boundary conditions chosen. For
example, for the free boson one has F; = 1, whereas for the critical Ising model A = 1/16 and

Fy(n) = \/1+n2\;—;\/1—n2, (4.37)

where the £ sign distinguishes fixed from free boundary conditions, respectively. The great ad-
vantage of considering conformal-invariant systems is that this particular geometry substantially
encodes every other one which can be reached by a holomorphic transformation. In particular, a
strip of width 27 such as the one defined in the previous Section can be obtained by applying the
map

27, m(w+it)
w(z) = 701nz— it e, z(w)=e 20 (4.38)

the effects of which are sketched in Fig. 4.5. Correspondingly, observables in the strip can be
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Figure 4.5: Effect of the conformal transformation (4.38); the strip (a) in the w plane is mapped into
the upper half plane (b) in z coordinates; its boundaries correspond to the positive and negative real
semi-axes and the real axis in the former description becomes the upper imaginary axis in the latter.
The coloured lines are meant to depict how the remaining part of the space is mapped.

calculated from their counterparts in the upper half-plane by means of Eq. (4.34); accounting for
simplicity for observables built with just a single primary operator one obtains

(@(w1) ... DWn)) gy = H @e"?’{_ﬂwﬁ;—;im)} ’_A

/=1 (4.39)

E G R R G e e 1

In the previous Section, we have seen that a dynamical problem can be mapped into an Euclidean
one confined in a film; thus, we now rewrite the complex coordinate as w = r+it, where T denotes
the imaginary part of complex times, which is forced to satisfy —7y < T < 79. We now wish to apply
the transformation (4.39) to the two-point function (4.36); for scalar fields, the antiholomorphic
part can be accounted for simply by doubling the dimension of the Jacobians, i.e.,

dw| A dw|™® |aw|
) I i a 4.40
4z =zl Tl ; (4.40)
yielding
o2 —2A
(@200 = | (2] 7]
(4.41)
coshp +cos(0; + 6>) 28
X 2P F:V(n),
eP [cos (6] — 02) +cos (61 + 6,)] [coshp —cos (6; — 6,)]
where we have introduced the shorthand notation
Tr TT; T T
T oamd 6.=TY% with 6 [__ _} 442
P=ag ™9 PiTo WU RSl (+42)
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which expresses distances and times in units of the strip width — i.e., of the extrapolation length

—and
_ cos(0; —6,)+cos(6;+6;) 2cos 0; cos 6,

coshp +cos(0; +6,)  coshp+cos(6;+6)

We recall that we are considering systems which are translationally-invariant in space, thus our
choice of r and O as spatial coordinates of the fields involved in the expectation is completely
general.

The properties of the dynamics in real time are recovered upon performing the analytic contin-
uation 7; — —it; of Eq. (4.41), which however requires the knowledge of the function F;. Although
the specific form of this function is system-dependent and not many instances are known, as was
pointed out in Refs. [2, 3] its asymptotic features for 7 — 0 and 1 are universal: in fact, from
Eq. (4.43), one can see that at the boundaries 6; = £=7/2 the anharmonic ratio 1 linearly vanishes,
whilst the argument of the round brackets in Eq. (4.41) diverges as (6; F w/2)~!. Since in the
proximity of a surface 8; — 47/2, the short-distance expansion

(4.43)

oip.)~ (o7 T

. ®,(p) (4.44)

is expected to hold in terms of the boundary operator ®;, corresponding to the field ® and of its
scaling dimension 2A;, = [®], one concludes that [3]

F(n)~n* for n—0. (4.45)

On the other hand, far from the boundaries the two-point function must reproduce the bulk be-
haviour and, in particular, the ultraviolet divergence at coincident points, which is already captured
by the prefactors in Eq. (4.41). Setting p = 0 and 6; = 6, yields n = 1, which implies that
Fy(1) = 1. Thus, the prescription 7; — —it; allows the determination of the general asymptotic
behaviour of the two-time correlation function after a quench: for fixed times ¢#; it does not depend
on r for r < |t; —tp| and takes a value oc e 2%1—2l/% It decays exponentially o< e~ ™"/% for
|t — 1| K r < t] + 1, while e~ M/ T AT(11+02)/T0 for > 1) +1,.

4.3 'Two approaches, the same physics: a detailed comparison

Clearly, physics demands that different approaches to the same problem yield the same conclu-
sions. Therefore, the Keldysh and the Euclidean frameworks for studying non-equilibrium quan-
tum dynamics described in the previous two Sections ought to be equivalent. This Section is
devoted to establishing a relationship between them; in particular, the imaginary-time formalism
employs concepts which are proper of the theory of static systems with boundaries (introduced in
Chapter 3), hence it is important to understand how the initial conditions (4.17) actually affect the
boundary conditions at the edges of the film. Furthermore, note that in the Euclidean scheme the
time coordinate is “single-valued”, i.e., times along the imaginary axis are visited just once by the
integration path in Fig. 4.4(c); as a consequence, choosing n points on the imaginary axis uniquely
defines the expectation (4.29). Conversely, in the Keldysh formalism fixing » times on the real
axis is not sufficient, as one generally needs to distinguish between those lying on the forward
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and backward branches of the contour in Fig. 4.1. This brings forth in principle a 2" degeneracy
for n-point functions, i.e., one can define 2" different ones depending on the ordering. Therefore,
it remains to be determined how to extract 2" functions defined on real times from the analytic
continuation of just a single one defined on the imaginary axis.

In Sec. 4.3.1 we treat in detail these issues in the simplest possible instance, i.e., a 0+ 1-
dimensional system. In Sec. 4.3.2 we generalise the discussion to the case of quantum field theories
and provide a few relevant examples on how to reconstruct Keldysh correlations from the Euclidean
formalism.

4.3.1 Quantum mechanics

In order to better understand the properties of the imaginary-time formalism discussed in Sec. 4.2
we consider it in the simplest possible instance, i.e., the (non-relativistic) quantum mechanics of
a single particle which is initially prepared in a state described by the density matrix po and then
evolves according to the Hamiltonian

2
H= % FV(x). (4.46)
Here x and p are the canonically conjugate “position” and “momentum” variables, respectively,
with [x,p] =i (we set i = 1), while the mass of the particle has been fixed for simplicity to 1,
and the potential V' is assumed to be physical, i.e., such that H has a spectrum bounded from
below. In the Heisenberg picture any observable & evolves according to 0(t) = e'fl! Ge=""; in
what follows, if the time 7 is not explicitly indicated as an argument, the observable is meant to
be evaluated at time ¢ = 0. Note that the present case is a special zero-dimensional instance of the
dynamics of the field discussed in Sec. 4.1.1: indeed if one identifies the field ¢ with the position x
and consequently dy¢ with the momentum p, the Hamiltonian in Eq. (4.46) has the same structure
as .Z|[¢] in Eq. (4.16), up to the additional spatial degrees of freedom. Accordingly, all the path-
integral formalism discussed in Sec. 4.1.1 applies to the present case and in particular Eq. (4.21)
becomes
{ 9x(t)i=0, =%(04) = 11 x(04) + c1—x(0-), (4.47)
9x(t)|=0. =%x(0-) =c__x(0_) 4+ c_4+x(04). '
A discussion of the implications deriving from choosing linear boundary conditions will be pro-
vided further below. We emphasize again that the distinction between times lying on the forward
(04+) and backward (0_) branch of the Keldysh contour is relevant for ordering purposes only;
once the order of the operators has been made explicit, the indices can be dropped. In order
to relate Eq. (4.47) to the properties of the density matrix pg which actually defines the initial
state of the quench, consider a generic expectation of a product &’& of quantities defined over
the Keldysh contour, such that &' = &”(ty,...,t,) depends on generic but non-vanishing times
f1,...,ty, Whereas & is taken at time 0. Under the ordering Tk, €'(0_) is moved to the left of such
a product, whereas ¢'(0.) to its right (see Eq. (4.2)):

Tx (0'0(04)] =Tk [0'] 0(0), (4.48)
Tx (0'0(0-)] = 0(0)Tx [0']. (4.49)
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Hence, one can readily verify that the average (Tx [0'x(t)]) = tr {Tx [0"x(t)] po} obeys, at t =0T,
the boundary condition

0 (Tx [0'x(1)]) li—o+ = tr {Tx [0'%(01)] po} =

= Cyqtr {TK [ﬁ’} X(O)po} et {TK [ﬁ/} poX(O)} , (4.50)

which follows from Eq. (4.47) and in which the cyclic property of the trace has been used in order
to rewrite the last term. On the other hand, X is an observable in its own right and therefore obeys
Eq. (4.48); consequently,

tr{Tx [0'] %(0)po } = c14-tr {Tg [0'] x(0)po } + c—tr {Tx [0"] pox(0)} . (4.51)

Since Eq. (4.50) must hold for every possible choice of &”, one concludes that
X(0)po = c++x(0) po + c1— pox(0). (4.52)

Repeating the same procedure for the boundary condition at # = 0_, one finds
pox(0) = c__ pox(0) +c_+x(0)po (4.53)

and, because of the form of the Hamiltonian (4.46), one can use the equation of motion X = p in
order to rewrite Eqgs. (4.52) and (4.53) as

{ pp0:C++XPO+C+*pOX7 (454)

POP=C—— poX+C_Xpg.

In terms of the "kernel" po(x,y) = (x| po |y), with X|x) = x|x) (and p|x) = —idy|x)), Eq. (4.54) turns
into a system of differential equations

{ (iax+c++x+c+—y)p0(x7y) :07 (4 55)
(=idy+e——y+c_1x)polx,y) =0,
which admits solution only if ¢, = —c_; under this condition one then finds

po(x,y) = A exp {%[c++x2 —c Y +2c, _xy) } , (4.56)

where ./ is a normalisation constant. In order for py to be a bona-fide density matrix, it has
to satisfy the conditions [107] (1) po = pg, (ii) tr{po} = 1, and (iii) tr{ p%} < 1 which, in turn,
imply: () ¢4y =c¢*_andcy_ = —c_,sothatc,y =a+ib,c__ =a—iband c,_ = id, with
real coefficients a, b, and d; (ii) b+d > 0 and A = \/(b+d)/m; (iii) b > 0 and d < 0. The
expressions for po(x,y) and the corresponding boundary conditions thus become

b+d

po(x,y) = exp {—% [b(x2 +?) + 2dxy — ia(x* —yz)} } . 4.57)
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and

{ 9 X(t)|,=o, = (a+ib)x(01) +idx(0-), (4.58)

3 x()],—_ = (a—ib)x(0-) — idx(0),

respectively. By a direct calculation, the square of the density matrix turns out to be

d d>
(x| p5 [y) = polx,y)\/ 1+ 5 EXP {dxy+ @(Hy)z} : (4.59)

and therefore the initial state is pure, i.e., p% = po [107], if and only if d = 0. Furthermore, for
a = 0 the resulting density matrix in Eq. (4.57) can be attributed a precise physical meaning for
every allowed choice of b and d: in fact, if we parametrise these coefficients as

cosh(Bo®) . 1 = —mowo—

b= sinh(Boap) sinh(Boy)

(4.60)
in terms of the parameters By and my@®y, one may recognise in Eq. (4.56) the Gibbs distribution
of a quantum harmonic oscillator of mass my, frequency @y and inverse temperature By = 1/(kgTp).
On the other hand, the pure states |y, ;) obtained for d = 0, with (x|y, ;) = A4 ~/2exp{—(b—
ia)x*/2}, do not seem to have a clear interpretation for a # 0, although they can be obtained as
eiax’/2 ’l,t/o7b>, where ‘V’o,b> is the ground-state wave function of a harmonic oscillator of frequency
b and unit mass (i.e., with By — o0, @y = b and my = 1 in Eq. (4.60)).

Summarising, at least in this simple case we have been able to determine the exact form of
the initial state which eventually gives rise to the linear boundary conditions (4.47); moreover, it
turns out that the assumption of their linearity, although representing a rather strong constraint,
nonetheless captures all thermal ensembles of an harmonic oscillator. In addition, we determined
the operatorial identities associated with these states (Eqs. (4.52) and (4.53)), which will prove use-
ful in the following because they remain valid also when the formalism is extended to encompass
complex times.

In order to compare the Keldysh approach briefly reviewed in Secs. 4.1 and 4.1.1 with the one
presented in Sec. 4.2, we discuss below how to construct n-time correlation functions of the system
with Hamiltonian H defined in imaginary time i7 in such a way that they correctly reproduce the
results of the former approach after analytic continuation to the real axis. With this purpose in
mind, we introduce the quantum evolution in imaginary time as a straightforward extension of the
case in real time:

O(it) =e o™, (4.61)

The corresponding kernel representation is
K(x.y,it) = (x|e™ |y), (4.62)

which is well-defined for every 7 < 0, while this might not be the case for 7 > 0 since the spectrum
of the Hamiltonian H is often unbounded from above. In the simple but paradigmatic case of a free
particle of mass m in one spatial dimension

Foo ,
K(x,y,it) = / j—ie’lﬂ(x—y)efpz/@m), (4.63)
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which, as expected, describes a diffusion process with diffusion coefficient D = m~! for 7 <0
while it is not defined for 7 > 0. In order to remain within the domain of definition of K, it
is therefore necessary to guarantee that T < 0. The consequences of this request may be better
understood with an example: consider the average

(O(ity)...O(ity)) = <e_T1Hﬁe_(TZ_T1)H6". : .e_(f”_r”*l)HﬁeT”H> ; (4.64)

by inserting the resolution of the identity 1 = [ dx|x) (x| between consecutive operators, one can
see that the resulting kernels depending on 7,1 — 7; require a time ordering along the imaginary
axis 7; < 7,41 with i = 1...n, as indicated in Fig. 4.6(a), whereas the first and the last one, which
depend on 7; and 7,, impose the additional constraints 7, < 0 < 7;. These conditions can be
simultaneously satisfied only if all 7; vanish, i.e., 7; = 0, Vi. In order to have a sound imaginary-
time theory we therefore need to introduce some kind of regularisation at the boundaries which
relaxes the last of these constraints. In particular, this can be done at the two extremes of the string
of operators, by introducing terms e ¢ with arbitrary € > 0, such that the resulting conditions
become 7, < € and —€ < 77. Accordingly, we define

Oin)... oim), = & [ﬁ(ifa‘)zgf(””)] ) (4.65)

where T is analogous to the time anti-ordering operator introduced in Eq. (4.2), the only difference
being that it now orders the imaginary part of the (imaginary) times. The normalisation factor at
the denominator is chosen in such a way that (1), = 1. Equation (4.65) is the straightforward
generalisation of Eq. (2) of Ref. [2] to n-point functions. Differently from Eq. (4.64), Eq. (4.65)
admits a well-defined representation for —& < 7; < 7; < € Vi < j, i.e., the resulting theory is
defined on a film of width 2¢ symmetric with respect to the real axis, as sketched in Fig. 4.6(b).
(Note that, in principle, one could introduce two different values €z > 0 and & > 0 at the right
and left extremes of the string of operators and a suitable normalisation factor; however, for our
purposes, this represents an unnecessary complication.) The translation of the boundary conditions
(4.47) from t = 0 to T = i€ is more easily understood by considering their formulation (4.54) in
terms of operators: in fact, from Eq. (4.61) one has

d:x(it) =e ™ [x,H]e™ = e ™ ipe™, (4.66)
which implies, for the operator within (x(it)), < tr {e ¥ poe *7x(i7) }, the identity

9z (e " poe x(i1)) |,__ = e Hipope e (b +ia)pox +dx pole ! =

= (b+ia)e ¥ pge H x(—ie) + dx(ie)e H pge ¥, (4.67)
and therefore d; (x(i7)), |,__, = (b+ia) (x(—i€)), +d (x(i€)),. Now, indicating by &’ (ity,...,iT,)
a generic n-time function, it is not difficult to prove that, thanks to the ordering, the same kind of
relation holds for any expectation (x(it)0"),, i.e.,

0 (x(i1)0"), |,—_ = (b+ia) (x(—ig)0"), +d (x(ie) "), (4.68)
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Figure 4.6: (a) Sketch of the ordering enforced on the times along the imaginary axis by the require-
ment of having a well-defined expectation value in Eq. (4.64). (b) In order to allow for the ordering
and regularise the behaviour at the boundaries, all the times must be within an effective film of width
2¢, delimited and enclosed by the two dotted lines.

as long as none of the times 7; lies at the boundaries. This implies that the identity

0:X(iT) |,—_, = (b+ia)x(—i€) + dx(i€) (4.69)
is valid when inserted in any time-ordered expectation. An analogous relation can be obtained at
the other boundary:

9ex(i7) |,_p = (—b +ia)x(i€) — dx(—i€). (4.70)

For the sake of clarity, we recall that while x(¢) is a hermitian operator for any 7 € R, x(i7) in
general is not, since x(i7)" = e™xe =™ is different from Eq. (4.61) if x is not a conserved quantity.
By inspecting Egs. (4.69) and (4.70) it is clear that the initial conditions (4.47) for the temporal
evolution in real time — which are induced by an initial density matrix of the form (4.56) —
are translated into proper boundary conditions which involve the values of x and X at the same
boundary of the film if and only if d = 0, i.e., if the initial density matrix describes a pure state
(po = p(z)). In addition, the conditions (4.69) and (4.70) at the two edges, reformulated in terms of
(outgoing or ingoing) normal derivatives, are not independent, but complex conjugates. For d # 0,
instead, Egs. (4.69) and (4.70) mix the properties at the two edges. This implies that if we consider
the path-integral formulation of this theory, we cannot interpret pg = e’ as a boundary action since
it will not be just a sum of two terms So ;e and Sp ;e separately concentrated at each boundary,
but it will also include terms depending on both. While perfectly consistent from a mathematical
point of view, these terms lack a definite reinterpretation in terms of an effective Euclidean theory
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with boundaries. This difficulty — which emerged here in the simple case of ordinary quantum
mechanics — is actually completely general, as shown in Section 4.3.2.

In order to characterise the non-equilibrium evolution, one is interested in determining (time-
ordered) expectation values of operators, which physically correspond to measurable correlations
and response functions (susceptibilities). Accordingly, a relevant issue is to understand whether
and how such expectations in real time can be recovered from the imaginary-time formulation of
the problem discussed above. Assuming that

K(x,y,t) = (x]e " |y) 4.71)

is defined, as a function of x and y, for every r > 0, also K(x,y,r +i7) is defined for every non-
positive value of 7, since the difference amounts to the introduction of a regularising term. By
direct calculation, one can verify that K satisfies the Cauchy-Riemann conditions

{ atReK = aTImK7 (4.72)

o ImK = —d;ReK.

Accordingly, K(x,y,T) is an analytic function of 7 in the lower half of the complex plane and upon
approaching the real axis it renders the real-time propagator. As an extension of the correlation
function in Eq. (4.65), let us consider a generic multi-"time" correlation function

(O(n)...0(T,)) (4.73)

rE

where 7; = Im7; lies within the film, i.e., |7;| < € and where we assume for simplicity that 7; <
T < ... < 1,. The representation of this expectation value in terms of kernels can be obtained by
introducing the resolution of the identity 1 = [ dx|x) (x| between subsequent operators:

ﬁ(TJ) o= el gem T — /dxjdyj [ et |yj> <yj’ ﬁ‘xj> <xj| e H ] . 474

Once the evolution operators associated with adjacent operators are taken into account, this portion
of the expectation becomes

.../dx_,-dy_,- K(Xj_l,yj, T, —TJ) <yj‘ ﬁ}xj>l((xj,yj+1, Tj—Tj...l)...; (4.75)

this expression encompasses also the case of the boundaries if one identifies 7,1 = i€ and Ty =
—i€. We assume in the following that all <yj‘ 7 ‘xj> and the kernels po(yu+1,%0) = (Vnt1| Po |x0)
are regular functions of the respective coordinates and that the integrals exist and are finite. If
the integrations in Eq. (4.75) commute with the derivatives with respect to the T;’s, Eq. (4.72)
implies that the expectation (4.73) is an analytic function of the variables 7} as long as the ordering
T; < Tj+1 of the imaginary parts of T; is preserved. Figure 4.7 presents a sketch of the required
ordering of the complex times 7; in the case n = 4. This requirement of commutativity translates
into conditions on the possible forms that the potential V can take in the Hamiltonian. While it
is sufficient that both K(x,y,#) and its time derivative d,K are continuous functions of x and y,
the determination of the general class of potentials for which this holds true goes far beyond the
scope of our discussion (the interested reader may find a detailed study of the kernel’s continuity in
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Ref. [108]). Note that the real parts #1,...,t,, of T1,..., T, are not necessarily ordered, as sketched
in Fig. 4.7 in the case n = 4. As a consequence, from the analytic continuation to the real axis
obtained by letting 7; — 0, Vj, i.e., Tj — t; one recovers

(e ¥HO(1)...O(ty)e 1)

(e—2¢H) (4.76)
which, in the limit € — 0™, renders the generic n-point function
(O(t)...0(t)), “4.77)

with no time ordering. Time-ordered expectations can be quite easily reconstructed from these
non-ordered quantities, as we demonstrate below. Consider for example a three-point function

At
...... e
T4
°
0T3
74—;[01—;[2—»
t3 t4 .T t
2
°
Tl
-ig

Figure 4.7: Sketch of the ordering of the complex times 77, ..., Ty which allow a proper definition of
correlation functions, where each of these times is indicated by a point T; = ¢; +it; (with t; = ReT;
and 7; = Im7)) in the complex-time plane. While performing the continuation from the complex
plane to the real axis the ordering of the imaginary parts 7; has to be preserved, whereas no ordering
is required for the real parts 7;.

<TK [O1(t1+)O2(t2,4) O3 (s,)]>, where for simplicity we restrict to bosonic operators ¢}, in order
not to have to account for phases acquired under commutation. This quantity is associated to the
imaginary-time expectation (T* [0 (1)) 0»(72) 03(0)]) and, according to the definition (4.2) of the
Tk-ordering, it can be rewritten in terms of non-ordered functions as

(Tx [01(t1,4) O2(t2,1) O3(s-)]) = O(t1 —12) (O3(5) 01 (11) Oa(12)) +

4.78)
+ 9(t2 — l‘l) <ﬁ3(s)ﬁ2(t2)ﬁ1 (t1)> .

In the r.h.s. of the expression above, the first expectation derives from an analytic continuation
performed for o < 17 < 175, whereas the second for ¢ < 7, < 77. For generic correlations, with n
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points on the forward branch and m on the backward branch, such as the particular case depicted
in Fig. 4.3(a), one has

(Tk[O(11)...Ot)O(51) ... O(sm)]) = ¥ O (i, ...15,) B (SP{...SP,;) X
PP

X <ﬁ (SP{> ...ﬁ(spr/n) ﬁ(tpl)-..ﬁ(tPn)>7

(4.79)

where for simplicity we have dropped the indices on the observables (but one can straightforwardly
reintroduce them by considering that they match those of the respective times), P and P’ represent
all the possible permutations of n and m objects, respectively, and the generalised step functions

n—1

0(t;...1,) = H O(tj—tj11),
=1 (4.80)

m—1

é<sl~-~5m) = H 6(lj+1—tj)

J=1

equal 1 if the sequences in their arguments are decreasing or increasing, respectively, whilst they
vanish otherwise. This structure highlights the relevance of the non-analyticity of the imaginary-
time function at coincident imaginary parts 7; = 7;: if the results obtained by analytically continu-
ing it to the same points on the real axis but with different imaginary orderings were to be the same,
then the Keldysh ordering would be inconsequential and the Keldysh-ordered functions would ex-
actly coincide with their non-ordered counterparts. This would in turn imply the commutativity
of the quantum fields at all times, which is known not to be the case in general. As a matter of
fact, the domain of the Euclidean n-point functions is split into n! analytic sectors, each identified
by a specific choice of the ordering of the points along the imaginary axis. Within each subdo-
main, the continuation to real values is uniquely defined, as we have discussed above. We can
now solve the apparent paradox of having to extract 2" (in principle) different n-point dynamical
functions from just a single, Euclidean one. The point is that different functions can be obtained
by performing the analytic continuation within different sectors. Note that for n > 1 there are 2"
Keldysh functions and n! sectors, which is compatible with the fact that the Euclidean approach al-
lows to reproduce not only Tx-ordered correlations, but more generally non-ordered ones. Explicit
examples involving two-point functions will be given in Sec. 4.3.2.

We focus now on the properties of the initial state. According to the discussion following
Eq. (4.56), an initial density matrix pg with a = 0 can be interpreted as a thermal state of a quantum
harmonic oscillator, where the two remaining parameters b and d are related to those of the thermal
distribution by Eq. (4.60). More generally, one would like to relate the parameters a, b, and d of
the initial density matrix implied by the linear boundary conditions in Eq. (4.47) to expectation
values of relevant observables, in order to understand their actual physical meaning. Taking into

account the expression
o) = 1 T e B, (4.81)
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which follows from Eq. (4.56) and the requirements (i), (i1), and (ii1) discussed after it, one easily
finds

1
2\ _ 2
f— = 4. 2
<X> /dxx po(x,x) bt d) (4.82)
and, by taking advantage of Eq. (4.54),
({xp}) = (ptpx) = . (4.83)
2,12 12
2 a +b —d
= 4.84
(P7) 2(b+d) (4.84)
Accordingly, the parameters a, b, and d can be expressed as
(_ Uxpd)
2(x2) ’
1— 2 2 2
b [{({x,p})" —4(p*) (x >] 4.85)
4 (x?)
S Llxph)” —4(p?) ()]
4 (x?)

Note that now the constraint b +d > 0 emerges as a straightforward consequence of Eq. (4.82);
the ones on the signs of b and d can be obtained instead from the Cauchy-Schwarz inequal-
ity (p?) (x*) > |(px) 2. in fact, by decomposing the rh.s. as 4 |(px)|* = [{[p,x]) + ({p,x})|* =
|—i+ ({p,x}) > = 1 + ({p,x})?, where the last equality comes from the fact that the anticommu-
tator is hermitian and thus its expectation real, one finds

1+ {p,x}> —4(p?) (x*) <0, (4.86)

which is the same expression appearing in some of the numerators in the system (4.85) and implies
d <0 and, since b+d > 0, also b > 0. Furthermore, since p = X we can rewrite a as

a=dlogy/ (x2(1)) |, (4.87)

and therefore conclude that the condition a = 0 is tantamount to requiring that the time derivative of
the root-mean square position /(x2) (we recall that our choice for the initial state implies (x) = 0)
vanishes at the initial time. Actually, the analytic structure discussed above allows us to extend this
result to any sufficiently smooth function of the position F(x(z)): in fact, if @ = 0 the boundary
conditions (4.69) and (4.70) at the two edges are symmetric, hence the system is symmetric under
reflections of the complex time with respect to the real axis, which implies that (F (x(i7))) must be
an even function of 7 and therefore its derivative with respect to 7 has to vanish in 7 = 0. Moreover,
for a function to be analytic in a given point it is required that the derivative be independent of the
direction along which it is calculated and therefore one concludes that a = 0 generically implies
9, (F(x())) |,—o = 0. Note, however, that the converse statement is not true because even if a # 0
it is always possible to find functions of x(¢) with vanishing initial derivative.
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Summarizing, the previous discussion focused on the case of a single quantum particle with
Hamiltonian H = p?/2 + V(x) and assumed that its position x satisfies linear "boundary" con-
ditions at time t = 0 (see Eq. (4.47)), which naturally emerge within the renormalisation-group
framework as a consequence of keeping only the most relevant (symmetry-preserving) terms. A
generalisation of this case is actually discussed further below. Under the additional but natural
assumptions that K (x,y,t) = (x|e " |y) is well-defined Vx, y, and ¢ > 0 and that in the coordinate
representation the integrals over the spatial coordinates and the derivatives with respect to time
commute (see, e.g., Eq. (4.75)) we argued that: (A) The kernel representation of the initial den-
sity matrix is Gaussian, see Eq. (4.81), with d < 0 and b > —d. (B) An equivalent theory can be
constructed in which time assumes complex values (7 = ¢ + it) within a film of width 2¢, i.e.,
ReT >0 and |Im7| < &. In order to be well-defined, the expectation values of observables of
this theory at complex times 77, ...,7, are required to be time-anti-ordered along the imaginary
direction, such that Im77 < Im7; < ... <ImT7,; by explicitly introducing the ordering operator
T* in the definition (4.65) of these quantities, one is actually partitioning their domains into n!
analytic sectors, each corresponding to a specific order of the imaginary parts Im7}, separated by
non-analytic boundaries. Therefore, analytic continuations of a given Euclidean n-point function
performed from different subdomains provide different results: as a matter of fact, once the width
of the film is made to vanish (¢ — 0™), one can recover every generic (non-time-ordered) real-time
expectation of the same observables at times Re 77, ...,ReT;,. (C) If the density matrix pg describ-
ing the initial state corresponds to a pure state po = | ) (y/|, the equivalent theory on the film obeys
Robin boundary conditions at 7 = =i€ which are similar to the ones realised in real time att = 0,
the only difference being a multiplication of the coefficients by i (compare Eqgs. (4.69) and (4.70)
with Eq. (4.58)). If pg is not a pure state, instead, the equivalent theory on the film does not obey
proper boundary conditions at the edges, in the sense that the equation that x has to satisfy at one
of these boundaries also involves the values x takes at the other.

Inspired by the previous discussion, we consider below a more general class of initial condi-
tions for the real-time evolution. However, as we have done in Sec. 4.1.1, we shall account only
for those which can be expanded as power series, i.e., which are of the form

9x(t) |—o, = Z ciE) X (04)x™(0.). (4.88)
n,m=0
Linear conditions such as those in Eq. (4.47) are recovered with a suitable choice of cﬁ,j;Z (i.e.,
c(lJB) =a+ib, céﬁ) id, cg 0) = —id and cé 1) = a — ib, while all the remaining ones vanish).

Analogously to the latter case, by inserting Eq (4.88) in a generic Tkx-ordered expectations one
recovers the identities N
PPo= Y chnx"pox”,
S (4.89)
pop= Y cumX'pox”,

n,m=0

from which the kernel of the density matrix po(x,y) = (x| po|y) may be reconstructed:

oo (+) (-) w ()
_ . €no xn—i—l . Con__ n+l . C”H'lJn n+1,m+1 4
po(x,y) = A expq i nz_o <—n 1 Pl o > ) mz_o 1 X"y . (4.90)
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Note that, in order for the solution (4.90) to exist, it is necessary that cﬁ,;@) = —”—“c( ) for all

n+1,m—1
n > 0 and m > 0. Moreover, the requirement pg = pz; implies that cﬁf,ﬁ = (c,(ﬂ) . We have in gen-

eral no closed formula to express the normalisation constant ./4” in terms of the coefficients c,(qj,tqz
however, in the case of polynomials, which is again a very natural restriction from a renormali-
sation group point of view, it is at least quite clear, by putting x = y in the expression above, that
the condition of existence of the trace is that the highest-order term (i.e., the x"*"+2 with largest
power) shall be even (which implies n 4+ m = 2N, with N an integer) and the corresponding total
coefficient, which is in general given by the sum
) )

2N+1,0 ~ ~0,2N+1 Z n+1 2N—n

2N+2 2N+2 (2N —n+1

Cu = 4.91)
must have positive imaginary part (Im (Cys) > 0, which indeed reduces to b+ d > 0 in the simpler
case discussed above). The remaining positivity condition (y|pg |y) > 0 for all choices of |y),
instead, is not so easy to implement. One can however notice that the kernel of a pure state would
be separable in x and y; therefore, pg describes a pure state only if the last term in Eq. (4.90)
vanishes, i.e., c,(fnz #0<nm=0.

Equation (4.89) allows one to infer the conditions satisfied by x at the boundaries of the
complex film: in fact, following a procedure analogous to the one employed in order to derive
Eq. (4.67), one can write

9z (67 poe X (i1)) |, = Fpgipe tH =ie 1 ( Z c,(fnz x" po xm) e M

n,m=0

=iy c,([,,2 x"(ie) e poe 1 x"(—ig) (4.92)
which, in turn, finally gives

IX(iT) |, o =i ¥ chomx"(—ig)x"(i€),
=0 o (4.93)
0:X(iT) | ;e = Z cnm X" (—i€) X" (ig).
n,m=0
As it was the case for Egs. (4.69) and (4.70), these identities are valid for all time-anti-ordered
(on the imaginary axis) correlation functions. Accordingly, a property analogous to the one men-

(+)

tioned above at point (C) holds: equation (4.93) renders proper boundary conditions only if ¢, =
Omo c%), which is tantamount to requiring that pg is a pure state. Hence, we can conclude that the
relation between the initial state being pure and the boundary conditions being proper is a general

feature of dynamical systems when mapped in a complex-time formalism.

4.3.2 Field Theories

Most of the implications of the discussion reported in Section 4.3.1 apply also to the non-equilibrium
quantum field theories introduced in Sections 4.1 and 4.1.1, as we illustrate below. For the sake
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of simplicity, we focus on the case of a real, scalar field ¥ = ¥ = & because the extension to
other cases is rather straightforward, although it generally involves more complicated boundary
conditions. In the present case, linear boundary conditions such as those discussed in the previous
Sections emerge for the fields if the two following conditions are satisfied: (i) All terms containing
time derivatives in the Lagrangian density .Z of Eq. (4.15) — which generate boundary terms by
integration by parts — are (at most) quadratic in the fields, as happens in the standard case of
Eq. (4.16) with, say, a polynomial V; (ii) Sp (see, e.g., Eq. (4.14)) is quadratic in the initial fields
with coefficients which may depend on the coordinates. For an isotropic system, for example, a
quite general choice can be written down in momentum space as follows:

d C C__
Sol9+,9-] = / (gn];d { ++2(k) o7 — %qbz +c+(k)¢+¢} , (4.94)

where k = \75| Conditions (i) and (ii) correspond to Egs. (4.46) and (4.56). The conditions pg = pg
and tr{po } = 1 translate into c; 1 (k) = ¢* _(k), c4—(k) = —c’ _(k) and Im [c4 1 (k) +c4— (k)] >0,
while Im ¢ (k) < 0 is a sufficient condition for tr{p3} < 1 to hold. Moreover, if all coefficients
are purely imaginary, in analogy with the discussion which led to Eq. (4.60), one can rewrite them
as

cosh(Bran)

Cr(k) = —e——(K) = imoan 5 Trg 0N

and  cyp_(k) = —img (4.95)

 Sinh(Bew)”

where f; is a mode-dependent (inverse) temperature; accordingly, the initial state corresponds to a
set of independent harmonic oscillators each fixed at its own temperature [103].

By following the line of argument illustrated in the previous Section one reaches the same
conclusions, i.e., that it is possible to construct an effective theory with imaginary times, such as
the one introduced at the end of Sec. 4.2,

7 /j D e Sel9l+iSol(ie). 9(~ie)] (4.96)

where

elo) = [ ar [alx{(0,0)059)+VIo} @97)

is the Euclidean action associated with (4.16) and the domain .# of integration includes field con-
figurations which are defined in imaginary time within the film —ie < it < ie. The time runs on
the contour depicted in Fig. 4.4(c) and the time derivative has the same sign as the spatial ones,
ie., (0;9)(0;0) = (3:0)>+|Vo|*. Again, So[¢(i€),$(—i€)] — which may be easily inferred from
Eq. (4.94) — constitutes a "proper" boundary term (i.e., generates proper boundary conditions)
only if c;_ = 0, which in turn implies that pg describes a pure state. Of course, we still have to
demand that the potential term be regular enough for the correlation functions to be analytic in the
upper complex half-plane, as long as the ordering along the imaginary direction is preserved. As
usual, the generating functional of correlation functions is obtained from Z in Eq. (4.96) by adding
a source term J - ¢ = [*.dt [d9x J(7,%) ¢(7,X) (see also Eq. (4.15)) in the exponent of the inte-
grand. At the conceptual level, via functional derivation with respect to J one can then obtain any
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time anti-ordered (along the imaginary-time axis) expectation and, as explained in Section 4.3.1,
determine the non-time-ordered correlation functions in real time by performing the analytic con-
tinuation of the former to the real axis, followed by the limit € — 0™, from any analytic sector.

In Section 4.3.1 we have shown that indeed one can retrieve an Euclidean theory starting from
one defined on the Keldysh contour. However, since this construction straightforwardly carries
over to the case of quantum field theories discussed here, one concludes on the basis of the discus-
sion in Sec. 4.2 that also in this case the mapping of a dynamical problem into a static one with
boundaries is possible only if the initial state of the dynamics is pure. If, instead, it is a statistical
mixture, the boundaries at t-i€ are inextricably intertwined and the corresponding equations (see,
e.g., Egs. (4.69), (4.70), and (4.93)) — although formally correct, valid, and in principle solvable
— cannot be interpreted as physical boundary conditions because each of them involves fields
evaluated at the two distinct boundaries of the resulting film.

In order to illustrate the inherent analytic structure of the theory, we discuss below two simple
examples.

The Gaussian theory

First, consider the Gaussian scalar field theory described by the action (4.97) (in imaginary time)
with V [®] = m?®? /2 and a pure initial condition (i.e., Eq. (4.94) with ¢, _ = 0). Indicating by ®;
the Fourier transform in space of ®, the two-time correlation function

G (it,i0) = (B (iT)D_4(i0)), (4.98)

in which we factored out (27)?8@ (k + ) due to the conservation of momenta, solves the equa-
tions

(4.99)

(0% — 0f)GE(it, io) = —8(1— 0),
(02 — w})GE(it, io) = —8(t—0),

where @y, = vk + m? is the free-particle dispersion relation and € indicates explicitly the width of
the film in imaginary time. Recalling that c__ = ¢, , the boundary conditions which G, satisfies
as a consequence of the assumption on the initial condition are:

9:G4(it,i0) |,—_, = ic}  Gi(—ig, i0),
dsGi(it,i0) | s = ich | Gi(iT, —i€),

4.100
0:G{(i7,i0) | ,_ = icy G{ (i€, i0), ( )
doGi(iT,i0) |5 = icy 1 Gy (iT, i€).

The solution of Egs. (4.99) and (4.100) is given by [53]
e~ lo—7|
GE(it, ic) = Sor + Age%("+9) L 2B, cosh (ay (6 — 7)) + Cre®™(79), (4.101)
where
1 1 —2 €
Ap= L 3 s B == Ak,
20 0 0ye? k€ — (o)~ le—2M€ o
(4.102)
o W — 1
Co="kA, and of = * 15
O Wy + 104
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The only term in Eq. (4.101) which explicitly depends on the choice of the sector is the first one,
due to the presence of the absolute value which makes it non-analytic in the neighbourhood of
T = 0. The continuation to the real axis, which corresponds to the substitutions ¢ — —is and
T — —it, must be performed without leaving either of the two sectors T < ¢ and ¢ < 7 within
which Eq. (4.101) is separately analytic, which is tantamount to preserving the chosen ordering.
Correspondingly, two different results are rendered, namely

—iay(t—s) i@ (1—s)

e e
for <o and

200 20,

for >0 (4.103)

We emphasize that the time anti-ordering which is understood in Eq. (4.98) (see the definition
of (-), in Eq. (4.65)) plays a fundamental role: if it were not present, in fact, the first term of
Eq. (4.101) could be exponentially divergent for k — oo and therefore would have no Fourier trans-
form, invalidating the previous treatment. The remaining terms, instead, are regularised by the
factors Ay, By, Cy, which, in the limit k — 4o, asymptotically behave as

Ag~Cr~e 2 and By ~e #E (4.104)

Consider also that the ordering of the fields depends on the choice of the analytic sector: for T <
o the analytic continuation of Eq. (4.101) renders (®(¢)®(s)), whereas (®(s)D(r)) is recovered
from its continuation within the sector T > o. In fact, in this last case, by definition one gets
(T*[®(7)P(0)]) = (P(0)P(7)). Of course, this general statement holds beyond the simple case
we are analyzing here, once the proper phases generated by commuting non-bosonic fields have
been taken into account. These phases are included in the definition of the time-ordering, as is the
case with fermions, i.e., T*[¥(7 > 0)¥(0)] = —¥(0)¥(7).
According to Eqgs. (4.101) and (4.103), the real-time two-point function for T < ¢ is given by

e—ia)k(t—s)

Ge(t,s) = + Ae' ) L 2B cos (@ (f — ) + Cre 1 @UH9). (4.105)

200

In order to recover the actual correlation function of the fields, one has eventually to take the limit
€ — 0T of the expression above, which becomes

—i(l)k(l—s) . .
Gi(t,s) = c o + e %UE9) L 2By cos (ot — ) + Cre ) (4.106)
where
(o = (@ —icyi) /(@ +ics),
= g s
g el (4.107)
k— 2ay |Oﬂk\2*17
1o
\ C= 2_“’k|05k\§*1'

As we argued above, this expression of Gi(z,s) corresponds to the expectation (P(7)®(s)) and
hence, by comparing it with the definitions in Eq. (4.6), this correlation function coincides, up to a
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trivial factor, with G, i.e., Gy(t,s) = iG; (t,s): in fact, it can be additionally verified that G (,s)
satisfies the same equations

9? +w?)G7 (t,s) =0,
( A ’;) ’;( ) (4.108)
(0 + ;)G (t,5) =0,
and the same boundary conditions
{ azGE(fv 5) li—o = Ci+Gk>>(Oa 5), (4.109)
aSGk (t, S) |s:0 = C++Gk (l, 0),

as Gy (t,s), which follow from the equations of motion of a Gaussian theory in real time, when
applied to two-point functions. Moreover, specialising it to the case of a quench in the mass

mo — m, which corresponds to an initial condition of the form ¢ . = iy, = iy/k* + m%, one finds

2 2 2
0 wF — O, wy —
ak:m, %:cgk:% and c%’k:(kz—wm‘), (4.110)
) — Wok 8y Wi 8y ok
which yields
e—io(t=5) 2 _ @2 (o — ka)2
Gy (t,5) = k_Ok cos (ay(t = R cos(m(t—s)). 4111
iG; (t,s) ror 1070 cos (@ (t+s)) + 1o cos (ay(t —s)) ( )

This expression coincides with ones previously found for this dynamical problem in Refs. [3, 109].

Analogously, one can verify that the analytic continuation of Eq. (4.101) within the comple-
mentary sector corresponds to the correlation function (®(s)®(¢)) which, according to Eq. (4.6),
can be identified with G=. In the very simple case of the real scalar field considered here one can
actually recover one from the other by exploiting the additional symmetry

G; (t,s) = Gy (s, 1), (4.112)

which can be straightforwardly obtained from Eq. (4.6) after imposing ¥ = W' = & and which is
indeed correctly reproduced by Eq. (4.103).

The conformal Ising model

Second, we specialise to the 1 4 1-dimensional case and consider the two-point correlation of the
order parameter of the Ising model at criticality, which is again a scalar field. As we are going
to work in coordinate space, we shall adopt here the same notation of Sec. 4.2.1, i.e., we will
measure distances and times in units of the extrapolation length, as defined by Egs. (4.42). For
later convenience, we also introduce the corresponding notation in real time 7; = 7t; /(27p). Due to
the conformal symmetry of the model, the correlation function is given by Eqs. (4.41) and (4.37),
from which one finds [2, 3]

(®(r,iT))D(0,i1,)) = E'/8

\/1+2\/ﬁi\/1 _Z\m‘ (4.113)

90



Quantum quenches: two alternative approaches

with

2

h

£ = T coshp +cos(6; + 6,) ’ @.114)
27y ) 4cos 0 cosbr[coshp —cos(0; — 6;)]

and n given in Eq. (4.43). This case appears to be more subtle than the previous one because
these expressions do not display a clear point of non-analyticity at 7; = 7. The naive analytic

continuation 7; — —it; (i.e., 0; — —if;) renders
1 1—-
\/ +2\/ﬁ i\/ 2\/ﬁ‘ , (4.115)

(T 2 coshp + cosh(f; +17)
~ \219/ 4coshf] coshf; [coshp — cosh (f; —75)]

(®(r,11)P(0,12)) = u/®

where

(4.116)

and A a 27
h(f —1 h(f +7
| _ cos (f1 2)+COSA (1A+ 2). (4.117)
coshp + cosh (f; +75)

Equation (4.115) is symmetric under the exchange of times 7 < 7, (i.e., f; < 1p); according to
Eq. (4.112), this would make it impossible to distinguish G< from G~. However, the analytic
continuation has to be performed with care: in fact, different continuations arise as a consequence
of the structure of these functions: indeed, Eq. (4.115) features two branching points of algebraic
order 1/8 for t; —t; = +r, as schematically represented in Fig. 4.8. Moreover, from expression

T1—T2
el I T1>T2 e_l I
8 8
r_ ) -
ahr/ NI
e’'s e's
T1<T»2

Figure 4.8: Schematic representation of the analytic structure of the function EV/8 (Eq. (4.114)) in
the complex plane 7; — 7. The branch points are positioned at |t} — 2| = r; our choice for the branch
cuts is indicated by the thick, dashed lines superimposed to the real axis. The lower-half plane (red)
represents the sector associated to G~ , whereas the upper half-plane (blue) to G<. One can see that for
|t; — 12| > r the phase of u'/® depends on the choice of the sector, as also highlighted by Egs. (4.118)
and (4.119).

(4.117) one can infer that n = 1 at the same points, which implies that 1 —n'/2 changes sign. As a
consequence, an additional branching point has to be considered, which is associated to the second
square root in Eq. (4.115) and is of algebraic order 1/2. Thus, a picture completely similar to the
one sketched in Fig. 4.8 holds for this term, the only difference being that the acquired phases are
in this case e™("/2) = . Thus, although the distinction is not as neat as in the previous example,
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it is still fundamental to determine whether the real axis is being reached from one sector or the
other; overall, introducing the shorthand notation ¢ = sign (f; —t,), one finds indeed

1 {\/Hzﬁ + \/lzﬁ] for |t—s|<r

iG<(t1,t2) = |u|® x (4.118)
ei0% [\/HT‘ﬁ:FiG\/%} for |t—s|>r
for 7 > 7, and
1 1—
. . [\/ +2ﬁi\/ zﬁ} for |t—s|<r
iG (l‘l,lz) = |I/t|8 X 4.119)

e_iog[ HTﬁj:iO'\/@} for |t—s|>r

for 7; < 7,. In the expressions above, the only term which is affected by the exchange #| < 1, is
o, which changes sign; thus, it is straightforward to verify that Egs. (4.118) and (4.119) satisfy the
identity (4.112).

It may be interesting to note that a similar structure arises in the Gaussian case when treated
in coordinate space (7,¢). Focusing for simplicity just on the first term of Eq. (4.101), since it
bears full responsibility for the non-analytic behaviour, and setting m = 0, we find that its Fourier
transform is given by

d—1 _d+l
7 T2 d—1
Go(R.itio) =Ky (P +(1=0)’) 7 with Kj=" r( . ) (4.120)

Clearly, this is a symmetric function under the exchange T <+ o; on the other hand, as in the
conformal case, it generically displays two branching points at (7 — 6) = Fir. Thus, on the real
axis one finds two different functions

d—1
-5 d—1
iGy (F,t,5) = Ky r— (1 —s)2 ’ exp{ii'c (—2 )x(?,t,s)} =Gy (7,s,1), (4.121)

where ( ) | |
- | sign(t—s) for |t—s|>7r
x(r,t,s)—{ 0 for [r—s| <

The case of odd spatial dimensions d > 1, which seemingly entails G< = G~, will be discussed
in Sec. 4.4. Although we lack the actual expressions, it is possible to demonstrate that the same
analytic structure carries over to the gapped case m # 0.

(4.122)

4.4 Response functions
In the previous Sections, we have shown how an Euclidean formalism can be set up in order to

calculate correlation functions of observables at imaginary times and then perform an analytic
continuation back to the real axis, i.e., to real times. This allows one to exploit the methods
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developed for treating static systems confined in a film geometry in order to calculate dynamical
features following a quench. In this Section we focus on a second but equally relevant class of
quantities of interest which characterise the dynamics of a system, i.e., response functions. Their
definition is analogous to the one we have given in a classical setting (see Eq. (3.42)), i.e., they
describe the linear variation of some quantity at time ¢ (e.g., the average (®(z)) of some field
@) due to the action of a small external perturbation /4 at an earlier time (see also the analogous
discussion in Sec. 3.1.2):

6 (®(1))
R(t,s) Shs) |,o (4.123)
The perturbation & couples linearly to one of the fields of the Hamiltonian and therefore acts
like a source term; for example, consider a theory defined in terms of a set of fields {®;};. The
perturbation of the Hamiltonian would then be }; #;®; with a set of external fields {A;}; in terms
of which one can define generalised responses

o <(I)l'1 (tl) .. -cDin (ln)>
6hj1 (Sl) . Shjm(sm)

Riy,inijiojm(Fls e st ST5 ey Sm) = (4.124)

{/’l[},‘EO
Clearly, the causality of the response of any physical system is reflected in the fact that the re-
sponse function (4.124) vanishes identically whenever max;{#;} < max;{s;}. Within the Keldysh

formalism discussed in Sec. 4.1, response functions can be obtained as follows: in the physi-
cal representation introduced by Eqgs. (4.8) and (4.9), the effective action (4.15) is rewritten as

L Oe, g, Je; Ig] + F0[0c(0), 94(0)], with

T [9e, 0g. e Jg) = S1250) — S[2T04) 4 L (e 0g + Uy 0c)

(4.125)

F0[9:(0), 9,(0)] = SO[%(O);%(O), ¢c(0);¢q(o)]7

where the classical and quantum components J./, of the sources J are defined analogously to
the fields J.,, = J+ =J_. As we have mentioned above, the distinction between the two time
branches is a convenient artifice, but all physical observables must be single-valued in time; hence,
actual perturbations (i.e., sources such as 4 mentioned above) must satisfy J, =J_, i.e., J, = 0.
According to the definition in Eqgs. (4.123) and (4.124), one has to calculate the variation of a
given correlation function with respect to the turning on of an external perturbation applied at time
s, which is formally obtained by taking its functional derivative with respect to J; in turn, this
translates into the appearance of a quantum component ¢, (s) in the average such that, e.g.,

—2i5;j)c—c((st))> = (0()04(5)) = 20G7(15). (4.126)

Hence, the retarded component coincides with the response function except for the sign, i.e., G' =
—R. Consequently, this expression of the retarded function on the 1.h.s. as a correlation function on
the r.h.s. with a suitable field is completely analogous to the one we have encountered in Chapter 3

when studying classical systems with dissipative dynamics (see, e.g., Eq. (3.42)) [18, 20, 76]. In the
latter case, the response of the fluctuating order parameter ¢ — which corresponds to the classical
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component of the field within the Keldysh formalism — is encoded in the auxiliary response field
¢ whose role is here played by the quantum component. We recall now that the contour onto which
the time runs can be deformed arbitrarily in the complex plane but in such a way that it does not
include any part going upwards (see the discussion following Eq. (4.25)). In particular, this implies
that the forward and backward branches of the Keldysh contour can actually be deformed only
within the upper and lower half-plane, respectively. As a consequence, we lack a clear prescription
for the analytical continuation of ¢. and ¢,, outside the real axis because this is the only domain
along which ¢4 and ¢_ are simultaneously defined. On the one hand, this limitation does not
imply that the two-time functions in Eq. (4.9) do not admit a local analytic continuation; on the
other, it is related to the fact that G" and G“ clearly have a point of non-analyticity for t = s due
to their causal structure which makes them vanish identically for # < s and ¢ > s, respectively.
Nonetheless, one may reconstruct them by combining the imaginary time formalism described in
Sec. 4.3.2 with the relations (4.9): starting from any response function (say, involving » times), one
can expand the "classical" and "quantum" fields involved into "forward" (+) and "backward" (—)
components (see Eq. (4.8)); correspondingly, this quantity can be re-expressed in terms of a sum
of 2" Keldysh-ordered correlations which, as we have mentioned in Sec. 3.2, constitute a subset of
all possible non-time-ordered correlations and can therefore be recovered by the imaginary-time
formalism. Reverting to the physical representation, one can reconstruct the desired response.
Below, we illustrate this point with few simple, but relevant examples.

The Gaussian theory

First of all, consider the Gaussian scalar field theory we have discussed near the end of the previous
Section. Substituting Eq. (4.106) into

Gp(t,s)=0(t—s) [G{ (1,s) — G (s,1)] (4.127)

one obtains :
Gy(t,s) = —ae(t—s) sin (@ (1 —s)). (4.128)
k

This expression for the retarded two-point function is exactly the same as the one that could be
found by solving directly the problem in real time. In coordinate representation, according to
Eq. (4.121), the expression above becomes

d—1

G (F.t,5) = 20(t — 5 — r) Ky sin (x%) (=)= (4.129)

where K is the same constant as in Eq. (4.120). From this expression it would appear that for odd
d # 1 the response function identically vanishes, which reflects the fact that the exponent of the
algebraic law in Eqgs. (4.120) is an integer, implying that no branching cut emerges in the complex
plane. On the other hand, a system which displays no response to external perturbations is clearly
unphysical, and moreover the null function could not have Eq. (4.128) as a Fourier counterpart.
The point here is that the limit implied by the analytic continuation has to be interpreted in the
sense of distributions. For example, for d = 3 one finds
(27)"2

ey _(en)? 1 1 _
Go(Fi7,i0) = rP+(t—0)? 2 (r—f—i(r—c) + r—i(r—c)) ’ (4.130)
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its analytic continuation to real values for T < o corresponds to the limit

G (t.5) = lim Go(Fits i) = lim (27) "2 1 N 1 _
1o \1,1,8 _19~>O+ oL, St _l9~>0+ 2r r+(t—S)_i19' r—(l—S)+119 N
(27:)_2 1 . 1,
_ P —s)+P - U=
2r r+(t—s)+m5(r+t 9+ r—(t—s) o lrts =)
1 1 o1
— P +i—[8(r+t—s)—0(r+s—1)],

42" r2—(t—s)2  8xmr
(4.131)
where P denotes the principal value. On the other hand, for T > ¢ one finds that the imaginary part
changes sign, i.e.,
Lp | L St —s) =8 (r+5—1)] 4.132)
—1 r+t—s)—o(r+s—t). .
Ar2" r2—(t—s)2  8xmr

This implies that the response function actually exists as a distribution and is equal to

iGy (Ft,s) =

—G'(Ft,5) = %’3(1'— (t—s5)). (4.133)

Thereby, in three spatial dimensions the response of a system is not absent, but pointwise. This
holds true also in higher, odd dimensions d = 2n+ 1 (with integer n), since one can rewrite Gy as

K, 1 1
Go(7,it,io) = . (4134
G e e e e v G
The argument of the square brackets can be recast in the form
1 1 1
(=) ! . 4.135
e ey =) (133

Consequently, one can apply these same derivatives in the real-time formulation in a distributional
sense and get

1
(P==sP)

iGy (7,1,5) = iG§ (7,s,1) = K,P"™V) +

(4.136)
(-1 1zK,

N EDE e
1

where we recall that the (n — 1)-th derivative of the principal value pi=1) iy acts on test func-

- [5("*1)(r—|—t—s) — 80 (r 4 —t)] ,

tions f as
n—2 —w\J
p-t) g I _p g ! RSP T Cantl il 4137
Jan==r) ooy |fO- B0 (4.137)
Hence, one finds
_1\n—1
—G'(F,1,5) = 27(—1)" Ka _8 (r— (1 —¥)) (4.138)

(r+(t—s))"+(r—(t—s))
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The conformal Ising model

We now consider the 1 4 1-dimensional conformal case. Although in general the expression of
the response function G” depends on the specific form of F; in Eq. (4.36), we can still highlight
a general feature, i.e., the fact that G” always vanishes for |t —s| < r. In fact, on the one hand
the function u?2 (with u as in Eq. (4.116)) is single-valued in this range, as can be inferred from
Fig. 4.8. On the other hand, within this domain n in Eq. (4.117) is smaller than 1 and thus lies within
the domain of analyticity of F;. As a general consequence, G~ = G* for all values |r — s| < r, which
yields, correspondingly, G" = 0. As an example, for the critical Ising model one finds from the
subtraction of Eqgs. (4.119) and (4.118)

1 1
b bl
G (rt,s) = —260(t —s— r)|ul¥ sin(%) ”2; :Fcos<g> ”22 (4.139)

We tested this prediction against numerical data previously obtained in Ref. [4] and found a rea-
sonable agreement, as illustrated in Fig. 4.9, mainly spoiled by the oscillations which unavoidably
appear when considering systems of finite size. The function in Eq. (4.139) is also depicted in

|

1
@7_0.6—:
O
19: 0.4}
. 30 40 50 60
E:O.Z—
N

0% 10 20 30

n(t—9)/(270)

Figure 4.9: Response function —G"(r = 0,t,5) = Ryc(t,s) of the order parameter of the quantum
Ising chain in a transverse field g, prepared in an initial state corresponding to the ground state of its
Hamiltonian with g = go and quenched at time ¢ = O to the critical value g = g. = 1. The response
is measured at the same point in which the perturbation is applied, i.e., r = 0, within the regime in
which ¢, s are large enough for R;¢ to become stationary. The solid lines represent the numerical data
(courtesy of L. Foini, L. Cugliandolo and A. Gambassi [4]), with gg = 0.8, 0.5, 0.3, and O in order of
decreasing slope at the origin. The data have been rescaled with the values of 7p(go) determined from
the exponential slope o< e*! —9)/16% observed for t —s > r. The dashed line, instead, corresponds to
the rescaled theoretical prediction in Eq. (4.139). The inset shows the same curves as in the main plot
but in a logarithmic scale and on a wider range of values of the abscissa.

Fig. 4.10 for different values of the distance r and the “waiting time” s, for both fixed (upper sign
in Eq. (4.139)) and free (lower sign) boundary conditions. This highlights the emergence of a light-
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Figure 4.10: Retarded component G"(r,t,s) (i.e., minus the response function —R(r,z,s)) for the
Ising model as a function of the difference of times t — s for r = 2 (black), r =5 (red) and r = 10
(blue). Solid lines correspond to fixed, whereas dashed ones to free boundary conditions. For a given
r, G" vanishes identically for  — s < r, while it displays an algebraic divergence as t —s — r*. Panel
(a) corresponds to s = 1, while panel (b) to s = 5. As s increases, G" becomes effectively independent

of the boundary conditions.

cone effect which is very similar to the one discussed in Refs. [2, 3] for correlations. In this case,
however, instead of being related to the value of 7 + s, it depends on the difference ¢ —s. This can
be explained in terms of the same picture that has been proposed in Ref. [2]: upon performing the
quench, entangled quasiparticles are created which propagate across the system at a finite velocity
v = 1, building up correlations in their wake. Thus, a time # + s = r is required in order to observe
a change in the correlations at distance r due to non-equilibrium effects. Analogously, applying a
local perturbation A (x,s) generates at time s excitations confined in a neighbourhood of the point
x, which move at the same finite speed v = 1. Therefore, in order for the system to respond to the
external perturbation at a distance r, at least a time r has to elapse.

The light-cone structure emerges quite clearly also in the Gaussian case discussed above, as
one can infer from Egs. (4.129), (4.133) and (4.138). Moreover, in odd spatial dimension d # 1 the
response function is non-vanishing only for r =¢ —s, i.e., exactly on the boundary of the light-cone.

On a side note, the imaginary-time formalism also provides a natural framework within which
one can easily retrieve the expression of the response functions for the limiting cases —ic; =b —
0 and b — 4o (with a = d = 0), which give rise to Dirichlet and Neumann boundary conditions for
the field, respectively (see Eq. (4.106)). For example, considering the quantum harmonic oscillator
(with mass m = 1) and adding to its Hamiltonian Hyppo a “source term” h(f)x one can explicitly
calculate

G'(t,5) = <§:—8 |,1_0> - —%Q(I—s) sin(@(f —s)) , (4.140)
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which can be straightforwardly obtained from the antisymmetric part (see Eq. (4.112)) of

G~ (t,s) =—icos(@(t—s)) [% +%} —icos((t+s)) [% — %]
|
~ 5 Sin((r—ys)). (4.141)

In the limits b — 0, +oo, however, the initial state becomes non-normalisable, being either an
eigenstate of the momentum or of the position (as can be inferred from Egs. (4.82) and (4.84));
this is reflected in the divergence of the expression above, which therefore must be normalised in a
different way, the simplest one being taking the aforementioned limits after multiplying Eq. (4.141)
by a suitable regularisation factor (i.e., 2b/® for b — 0 and 2wb ™! for b — +o0), which yields

G (1,5) = —i [cos (0 (t — 5)) % cos (@t +5))], (4.142)

where the sign =+ refers to b — 0, b — +oo, respectively. Clearly, G~ is symmetric under the
exchange t < s, which implies that the response function (4.140) cannot be obtained from it. On
the other hand, from the analytic continuation, before collapsing the film to the real axis one finds

e 2% cos (w(t —s)) £ cos (@(t +5))

i ,
G7 (t,5) = —5— |e 1@~ 4.143
e (:5) 20 |° * sinh(2we) ( )

and therefore it is possible to derive
G'(t,s) = 6(r—s)lim [G{ (1,5) — G¢ (s,1)] , (4.144)

e—0

which coincides exactly with Eq. (4.140). We emphasize again that this would have been impossi-
ble starting directly from expression (4.142).

4.5 Conclusions

Inspired by previous works which make use of the effective imaginary-time formalism in order to
describe the dynamics of quantum systems after a quench [2, 3], we have investigated the condi-
tions under which such a method can actually be employed. By using quantum mechanics as a
very simple, but paradigmatic framework, we have formulated a constructive proof to show that, in
general, an imaginary-time formalism can indeed be constructed. We have shown that the kernel
representation of the evolution (4.62), which constitutes a necessary step in the introduction of the
path-integral formalism, requires a specific time-ordering, i.e., in any expectation on the imaginary
axis the time coordinates must appear in an increasing sequence. This condition would not be suf-

ficient, however, if not supported by the introduction of a regularisation which may be expressed
efeH p OefeH

as po — 50

, where € > 0 is an auxiliary parameter. Consequently, all times must lie within

a film of width 2€ in the complex plane (which is sketched in Fig. 4.6(b)).
In this way, the problem can be reformulated in terms of an Euclidean description (which, from
a practical point of view, is obtained through the substitution + — i7 in the equations of motion),
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while the boundary conditions are moved from ¢ = O to the edges *i€ of the film. We provide a
general prescription of such a mapping in Eqgs. (4.88) and (4.93). This procedure, however, does
not always return properly-defined boundary conditions on the imaginary axis. In fact, this occurs
only if the initial state is pure; in the case of a statistical mixture (pg # p%), instead, one identifies
equations which depend on the properties of both edges (e.g., see Eq. (4.69)). While consistent
from the mathematical point of view, this means that an interpretation of the new system as a static
film in d + 1 dimensions (since Euclidean time is akin to a spatial coordinate) is no longer possible.
In the Euclidean picture, which features complex times, the various quantities are analytical as
long as one does not change the ordering of the imaginary parts of the involved time variables; no
constraint is imposed instead on the real parts. As a consequence, every sufficiently regular ex-
pectation defined on the imaginary axis and time-anti-ordered according to the prescription above
can be analytically continued to the corresponding non-ordered function on the real-axis. Clearly,
the knowledge of these quantities is sufficient to reconstruct any time-ordered quantity. We em-
phasize here, as done in Section 4.4, that the original ordering of times along the imaginary axis
is not inconsequential: in fact, for each possible choice a different domain of analyticity is defined
and, while performing the analytical continuation towards the real axis, one ideally cannot cross
between them. The effect of this is that the original order of the operators is kept; for example, for

a generic field W define
GE(1,5) = <w(ir)w(ia)> .

€

Starting from the domain T < & one finds, according to the definitions (4.6), iG~ (t,s) in real-time,
whereas +iG<(t, s) is retrieved if the other domain (¢ < 7) is chosen, while the sign distinguishes
between bosonic (+) and fermionic (—) fields.

We have also shown that, although response functions do not admit a global extension to the
complex plane, due to their causal structure, their expressions can be derived from the imaginary
time formalism by defining them in terms of non-ordered functions such as G< and G~, which
instead can be directly reproduced. Rather generically, the response function of one-dimensional
systems quenched to criticality as well as the one of the Gaussian model in generic dimension d > 1
displays sharp light-cone effects which are analogous to those theoretically predicted [2—4, 110]
and experimentally observed [39] for correlation functions: this describes the fact that information
travels across the system at a finite speed (v = 1 in our units), and therefore one must wait for a
local perturbation to propagate up to the considered point before being able to observe any response
there. Finally, we have tested our predictions for the Ising conformal class against numerical data
extracted from a finite one-dimensional Ising chain [4], finding a reasonable agreement.
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Appendix 4.A Keldysh path-integral construction

In this Appendix we describe how the path-integral discussed in Sec. 4.1.1 can be constructed
starting from Eq. (4.3). In doing this, many features mentioned in the previous Sections, such as
the doubling of fields ® — d., will be made clearer. We wish to remark that the path-integral
is not really a well-defined integral, but rather a quite convenient effective notation to use for the
calculation of relevant quantities. For this reason, as was done in the original work by Feynman
[111] which introduced the concept, we shall not concern ourselves with formal problems regard-
ing the proper definition of the functionals and measures we will introduce below. As we have
done before, we focus here on the case of a single, real scalar field ¥ = ¥ — @ and we assume
that its evolution is governed by a Hamiltonian

H:/ddx {%@ZU(@(}))} :/ddx

where I is the field conjugate to @ (see Eq. (4.11)) and V is a generic, regular function of its argu-
ment (typically, a polynomial). The first step of the procedure consists in discretising the contour
in Fig. 4.1, i.e., dividing it into 2N equal parts of “small” width € = 1, /N;; the corresponding points
are defined by

E? |, (Vem)?

5 SV (@) (4.145)

th=0(N—n)ne+60(n—N)(2N—n)e with n=0,...2N, (4.146)

where 0 indicates the Heaviside step function, with the convention 6(0) = 1/2. Note that, with
this choice, t, = foy_, Vn. We also introduce the instantaneous “eigenbasis” of the field {|¢9,7)},
where ¢ (X) is supposed to be a real function of the spatial coordinates:

O(X,1)]9,1) = 9(X)[9,1). (4.147)

By definition, the identity F(¢;) (¢1]|d2) = (91| F(P) |¢2) = F(2) (91| ¢$2) holds for any function
F, which implies (¢;| ¢2) = cS(¢; — @), where ¢ depends on the normalisation of the eigenstates,
which we fix at ¢ = 1, while 6(¢; — @) effectively represents a “delta functional” in the space of
functions. Also note that the vector |¢,¢) does not evolve according to the Schrodinger representa-
tion, but its adjoint |¢, ) = e |¢,0): in fact, by taking the equation above at = 0 and multiplying
it on the left by e’ one obtains

¢ (¥) e |9,0) = ™' D(%,0)]9,0) = ™ D(x,0)e M e |9,0) = D(%,1) e |9,0). (4.148)

At every instant ¢, we introduce in expression (4.3) a representation of the identity

1= / D |0 1) (Bus ] (4.149)

where D¢ is assumed to be an appropriately normalised measure on the space of functions. By
doing this, the generating functional takes the form

2N—-1

/D¢o---D¢2N < I1 Xn> (90,70] Po | P2, 12n) (4.150)
n=0
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in which, by recalling that #) = t;5 = 0, we are already able to recognise the initial term (¢ (0)| po [¢ (0-))
appearing in Eq. (4.10), whereas

Xn = (Ont1,tn1| T [exp (l'/ddx/tln-s-]dt.]()_c',t)‘b()?,t))} |9, t0) - (4.151)

Here 7, stands for the standard time-ordering operator T for n < N/2, and for the anti-ordering
one T* for n > N/2. Note that for each pair t,, tyy_, of corresponding points, two different
functions ¢, and ¢, _, have been introduced, which are being integrated upon independently. The
only exception lies at the rightmost point, i.e., t, = tj;, where there is only ¢y. This reflects the
necessity, already encountered in Sec. 4.1.1, of introducing two distinct fields ¢, and ¢_ which
have to coincide at ;.

Since for N > 1 the time interval & becomes very short, one can think of the integrand in
formula (4.151) as being almost constant over [t,,1,+1], and hence approximate it with the value it
takes at the lower bound #,,. This yields

I TSI ([ Q) = SO (Gl gota), @S2)

with o, = 1 forn < N and o, = —1 for n > N. Now, in order to re-express the bracket on the right
in a similar way, we recall that

(Bnststsr| = (g o e =00 = (6, 1y gy e e, (4.153)
We now expand the exponent in powers of € up to the first order:
<¢n+17tn’eiiH£an ‘(Pnatn) ~ <¢n+1 7tn‘ 1—iHeaqy ‘¢n>tn> 5 (4.154)

in order to proceed, we focus on the calculation of (¢,¢| H |¢;,t), which, according to Eq. (4.145),
can be readily rewritten as

s |3 0n 02 01.0)+ U 010 01 1. (@.155)

In the first addend, the conjugate field IT appears; from the canonical commutation relations (4.11)
one can very easily prove that, for any function F which can be expanded as a power series, the
identity

[F(@(F,1),I1(¥,1)] = iF (®(X,1))5 (¥~ ) (4.156)
holds, and thus conclude that IT acts as a (functional) derivative on the field ®; more precisely,
0100 = (i ) 00 @157)
X, 9 =1 = b/ .
5¢9(X)

which, introducing the instantaneous eigenbasis I1(X,¢)|7,¢) = m(¥X,1)|m,t), that is completely
analogous to the one introduced before for ®, leads to

5
5o i1 = ATIE ) 19,1) = A () (71 9,1), (4.158)
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implying (7,¢|9,t) = ¢ Jd%x(®)0(%) = ¢i®°0 \here the multiplying factor that in principle would
appear in front can be chosen to be 1 by appropriately fixing the normalisation of the new eigen-
basis. Introducing the identity 1 = [ D |x,¢) (7, ¢| in the first addend of Eq. (4.155) one finds

(92, t|T1(%,1)? [91,1) =

_ / D7 (0,1 7,8 m(E)? (7,| 61, 1) — / D (%)% 01—02), (4.159)
which can be finally used to rewrite Eq. (4.154) as
. 1
/ D, e (= 9ns1) {1 _iea, / dx (Enn(x*)uu(%(f)))] , (4.160)

which, since we are disregarding higher-order (i.e., O (82)) terms, can be conveniently rewritten
as

2
iea,,,fddx{7<¢'1+1*“’”’ —U(¢n)}

2
730 (On— Q1) — i€, [ d9 (”—"+U ¢n)
/Dj'cnel ( 1) [dx 0] (¢n) :%e 2e2 ’ (4161)

where the spatial dependence has been made implicit, the Gaussian integral over 7, has been per-

2
€0,

reabsorb into the measure D¢,. Now, if we introduce a curve @ (¥,7) which obeys @ (X,1,) = ¢,(X)
for all n, i.e., which reproduces the corresponding functions at every point of the discretisation, we
can make the approximation

(¢n+1 _¢n)2 _ l (¢(tn+06n£)—¢(tn))2 1

~ _ 2
£ ) (90()) ’t:t,,' (4.162)

formed with the regularisation € — £ —i0" and .4, = is a multiplying factor which we shall

2¢2 2
By substituting this expression in Eq. (4.161) we obtain
%n o< eigan[L[(P(tﬂ)}'i_‘](tn)oq)(tn)} = eiganLJ[¢ (tﬂ)]7 (4 163)

where L;[¢] = [d% [% (30 (%,1))> —U(¢(%,1)) +J()_c’,t)¢()?,t)] is the Lagrangian corresponding
to H—J(t)o¢. In the limit N — oo the discretisation #, fills the contour and the corresponding
integrations over ¢, can be thought to ideally become an integration over all paths ¢(¢). As we
have specified above, however, with the exception of 7, there are two independent integration
variables for every point ¢ < t)s; therefore, we actually need to introduce two different paths ¢
(for n < N) and ¢_ (for n > N). By recalling that o, = 1 for n < N and o, = —1 for n > N one
finds

)

-1 P Ll )i X eLilo ()]
(H %n) o it T B L ol o™ di(Ly[9+ ()] —Ly[9- (1)) (4.164)
n=0

eventually recovering Eq. (4.12). Note that the same reasoning applies also in the case of a time-
dependent Hamiltonian (e.g., one with a polynomial V with evolving coefficients), the only differ-
ence being that one has to perform the substitution

. Tht1

L N T, [exp (—iocn ’ dtH(t))} , (4.165)
In

starting from Eq. (4.153) onwards. Moreover, the choice (4.146) we have made of taking intervals

[tn,1,41] of equal length can be relaxed as well.
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5 Relaxation in closed quantum systems

In the past decade, the impressive progress in manipulating cold atomic gases has made it possi-
ble, for the first time, to gain experimental insight on the non-equilibrium dynamics of isolated,
interacting quantum many-body systems, renewing the theoretical interest in the subject. Obser-
vations such as the lack of thermalisation in (almost) integrable one-dimensional Bose gases [35]
(see Fig. 2.2(b)) and the appearance of an intermediate, metastable prethermal regime in a non-
integrable system on time-scales much shorter than those required for its equilibration [51], call for
a better understanding of the mechanisms underlying quantum relaxation. In this Chapter, we fo-
cus on the problem of prethermalisation, the basic features of which we recall below: in integrable
systems, the existence of a maximal set of conserved quantities prevents the occurrence of ther-
malisation; instead, observables show an effective relaxation towards a non-thermal generalised
Gibbs ensemble (GGE) [43, 49, 50], which encodes information on the whole set of constants of
motion. When integrability is weakly broken, a many-body system initially prepared in the ground
state of an integrable Hamiltonian may be trapped in an intermediate, quasi-stationary state, called
prethermal, whose properties are mainly dictated by the GGE of the integrable counterpart, while
being perturbatively corrected by the newly-introduced integrability-breaking term. This regime
has been analytically studied both for closed systems, such as Fermi [112, 113] and Luttinger [114]
liquids, and for open ones [115]. Despite this progress, the description of the breaking of integra-
bility is technically challenging and generally difficult to capture without strong approximations.

The goal of this Chapter is to provide a simple model apt for the study of prethermalisation in a
numerical fashion up to a considerable accuracy; starting from an integrable quantum Ising chain,
whose properties will be briefly summarized in Sec. 5.1.1, we introduce a long-range spin-spin
interaction which breaks many, but not all, of the original conservation laws, as will be detailed
in Sec. 5.1.2. We show in Sec. 5.1.3 that an exact mapping exists to a model of hard-core bosons
on a fully-connected lattice. As long as said quasi-particles’ densities remain sufficiently low,
one can think of the hard-core constraint as being substantially ineffective, and thus treat them
as if they were ordinary bosons. This approximation, which holds for small quenches up to very
large times (see, e.g., Fig. 5.3), renders the theory non-interacting and allows us to reinterpret the
prethermalisation of the original non-integrable system in terms of the relaxation to the GGE of
an approximately equivalent integrable one. We then proceed to solve numerically the latter up to
quite a large size, highlighting, in the dynamics of some physically relevant observables, plateaux
which are typically approached algebraically in time; our main results are reported in Sec. 5.2. For
very long times the hard-core nature of the quasi-particles cannot be ignored anymore and, in fact,
it effectively gives rise to scattering processes which lead the dynamics away from this integrable
scenario and are thus expected to cause the asymptotic thermalisation of the system.
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5.1 The model

Among many integrable models which could constitute a valid starting point, we have chosen
for our analysis the one-dimensional quantum Ising model in transverse magnetic field, as its
inherent simplicity makes it possible to obtain analytical expressions for many different quanti-
ties. The reason behind taking a long-range integrability-breaking term lies instead in the fact
that it considerably simplifies the analytical study of the dynamics both within perturbative and
self-consistent schemes, allowing in principle to gain insight on both prethermalisation and ther-
malisation regimes. Although we are not including in the present discussion any of the preliminary
analytical results we have obtained, we shall demonstrate further below that the interaction term
we introduce proves to be quite a convenient choice also in a numerical setting.

5.1.1 Integrable part: the Ising chain

The one-dimensional Ising model constitutes of a chain with N sites, each accommodating a § =
1/2 quantum spin; these spins are simultaneously subject to a nearest-neighbour interaction with
strength J, which favours configurations in which they are all aligned along a specific direction
(say, x), and an external magnetic field directed orthogonally to it (e.g., towards z), which instead
tends to destroy such an ordering and has an amplitude gJ; its Hamiltonian is

I s .
Ho(g) = _EZ (6671 +807) G-

i=1

For simplicity, for the remainder of our discussion we shall set J/ = 1. The notation 81.” m=x7y2)
denotes the standard spin operators acting on the i-th site, i.e., from a technical point of view,
for every i = 1...N they constitute a two-dimensional representation of a SU(2) algebra with

commutation relations
U~y . uvp A
[6},6)] =2ie""P &P, (5.2)

where e#YP is the completely antisymmetric tensor €% = 1, e**V = 0, which changes sign upon
permuting any pair of indices eé*¥P = —eHPV. In the eigenbasis of the z component {|1),,|]);}
u

these operators correspond to the Pauli matrices 6; — o*, with

. (01 (0 —i . (1 0
G—(l O)’ Gy—(i 0), G—(O _1>. (5.3)

By definition, each 8iu leaves unaffected spins at any position j 7 i and therefore these operators
commute at different sites:

[6/,6/]=0  Vi#j Vu,v. (5.4)

The Hamiltonian (5.1) is invariant under the Z, transformation 6 — —ao7, 67 — 67, which
corresponds to the unitary operator Uz, = []; 8;. Although being utterly insufficient to integrate
the theory, this symmetry still possesses some physical relevance; in fact, in the thermodynamic
limit N — oo, due to the competing effects of the two terms in Eq. (5.1), this model undergoes
a prototypical quantum phase transition [13]; for g > g. = 1 the system is paramagnetic and the
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longitudinal magnetisation (GY) identically vanishes, whereas for g < 1 a ferromagnetic ordering
ensues which entails a spontaneous breaking of the Z, symmetry, i.e., () # 0.

Integrability is made apparent after a Jordan-Wigner transformation accompanied by a Bogoli-
ubov rotation [13] (refer to App. 5.A for the details), which allow the Ising chain to be rewritten
as a free model with N independent fermionic modes (or quasi-particles). For simplicity, in the
following we shall always assume that N is an even number. The Hamiltonian (5.1) becomes

N—1
Ho(g) =Y & o w, (5.5)
ke
where
_(Yk ) q T_<7/j )T (5.6)
= ij me V= Y-k '

are Nambu spinors (here T denotes transposition), }/,j and 7y are fermionic creation and annihilation
operators at momentum k, respectively, which depend on the value of g and obey the canonical
anticommutation relations

{Vk,y;’} =8 {MY)= {YZ,VJ} =0, (5.7)

and

& = \/1 + g2+ 2gcos <%k> (5.8)

is the dispersion relation of the quasi-particles. Note that here o; is not a quantum spin operator,
but represents instead a Pauli matrix acting on spinor indices. One may note that our conventions
are slightly different from the ones which are most commonly employed in the literature and which
lead, e.g., to a dispersion relation of the form 8,% = 1+ g% — 2gcosk; the latter are exact only in the
paramagnetic phase of the odd Z; sector, while they constitute a good approximation for the even
one in the thermodynamic limit. Since the typical quenching protocol ends up in the second sector,
in order not to be forced to account for O (1/N) corrections, we have adopted an exact formalism
for the even case. One can prove that the N fermionic populations

A=Y % (5.9)

are conserved, as they commute with the Hamiltonian (5.5). Thus, their dynamics is trivial, as their
expectations do not evolve, while the GGE is defined by the values they take on the initial state.
Moreover, it becomes evident that these N constraints include and are actually much stronger than
the original Z, symmetry identified above, once the latter is rewritten in this picture as
iﬂZflk
Uz, =[J(1-2i) =e ¥, (5.10)
k

which describes, in this new language, the parity of the total number of fermions N,, i.e., it evalu-
ates to 1 if N, is even and to —1 if odd, and where the rightmost equality comes from the fact that
iy = iy for every integer m > 1, due to the anticommutation relations (5.7).
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The typical procedure employed to drive this system out of equilibrium is a quench in the
transverse magnetic field go — g; the subsequent dynamics has been thoroughly investigated when
the system is isolated, both in the thermodynamic limit [116—120] and at finite size [121], and when
it is open, either being coupled to an external thermal bath [122], or subject to a classical source
of noise [115]. Although the issue may become more subtle, integrability can be highlighted also
in spin variables; for example, considering the non-equilibrium dynamics of the total transverse
magnetisation M° =Y, 07 after a quench, it turns out that its connected correlation function (i.e.,
schematically, (M*M?), = (M*M*) — (M*) (M?)) in the long-time limit

lim tlim (M*(t+7T)M*(1)), >0 (5.11)
T—00 [—00
violates the cluster property [4, 110]. From a physical point of view, this means that there is a given
amount of information about this observable which is never really lost, as measurements separated
by an arbitrary time 7 are still correlated.

5.1.2 Integrability breaking and quench

The peculiar structure of the dynamics following a quench in the magnetic field is generally spoiled
by breaking the integrability of the model, which introduces scattering between the quasi-particle
modes 7¥; as a consequence, the energy initially injected into the system gets redistributed among
them, and thermalisation eventually ensues. Our attention, however, is focused here on the effects
that the breaking produces on much shorter time-scales, where integrability still plays a role; for
the purpose of providing new insight on prethermalisation it is particularly valuable to have at
hand a simple enough model, amenable to being studied in a controlled and physically transparent
way. As we shall demonstrate in the following, such an instance can be obtained by adding an
interaction term
A 2

V=g (M* — M?) (5.12)

to the Ising Hamiltonian (5.1), where M~ is the total transverse magnetisation already introduced
before Eq. (5.11) and M? represents its long-time average calculated for A = 0, i.e.,

— 1 (T . :
M= lim — / dr (e H0(e)r e Hle)r ) (5.13)
T —oo 0
This subtraction is meant to cancel the “integrable” part of the operator M~, i.e., the constants of
motion 7; which enter its definition (see Egs. (5.69) and (5.72)) and, indeed, one can prove that the
connected correlation function of the remainder satisfies, in the thermodynamic limit, the cluster
property at long times
. . 7 . _Z 7 . _Z _

lim lim ((M*(t+71)—M(t+ 1)) (M*(t) — M%(1))), = 0. (5.14)
Since the total magnetisation is a global quantity, V represents a long-range interaction, as we
have already anticipated above and as will be made clearer below; furthermore, being extensive, it
requires that the new term be divided by the dimension N of the system, in order not to spoil the
extensivity of the energy.
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Although turning on the interaction would be in principle sufficient to drive the system out of
equilibrium, it is still preferable to accompany it with a quench go — g in the magnetic field, which
has the effect of populating the various modes to an extent; more precisely,

v(g0) (O17(8) 10) yg0) = (g0) (O 7 (@) %(g) 10) y(g0) = Sin” (6k(8) — 6k(20)) , (5.15)

where |0),,y denotes the vacuum of the Hamiltonian Hy(go) ’y,j (g) and y;(g) represent the oper-
atorial basis which diagonalises Hy(g) (see App. 5.A), 6 is the Bogoliubov angle

sin (I%k)

tan29k(g) = g—}-Ts(Iﬁvk)

(5.16)

and 7i;(g) is the number operator introduced in Eq. (5.9). The reason that makes this a convenient
choice is twofold; on the one hand, as we specified above, the GGE is determined by the initial
values of the N fermionic populations 7;; thus, the analysis is made more comprehensive by in-
cluding different possibilities. From a slightly different point of view, this allows to increase the
amount of energy injected into the system without necessarily increasing the strength of the inter-
action. On the other hand, in the quasi-particle picture we are adopting, V introduces scattering
among different modes; thus, it is very reasonable to account for the possibility of actually having
fermions that scatter from the very beginning.

Recalling that the Z, transformation Uy, introduced in the previous Section commutes with Hy
and each and every 81-2 (and thereby with their sum M%), it is not difficult to show, from Eq. (5.13)
that M? is left invariant too. Consequently, the total, perturbed Hamiltonian H = Hy +V is still Z,-
symmetric, and thus preserves the parity of the number N, of quasi-particles. We now show that,
although the same does not hold for the single populations 7, one can still identify an extensive
number of conserved quantities. For this purpose, we recast the interaction V' in the fermionic
formalism

- 1&\/[ Z sin(26;) ] (5.17)
odd

where 6, denotes the Bogoliubov angle defined in Eq. (5.16) (see also Egs. (5.51)). In this ex-
pression the long-range nature of this term becomes apparent, as it connects every possible pair of
momenta k, g. The total Hamiltonian H is thus

H= Z &y, o l//k-i-— Z sin(26,) y oy | . (5.18)
odd odd
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Exploiting the identity [A%, B] = A[A,B] + [A, B] A, one can show that

N
[H ] = [V, = ie { (M=) Y

[sin (26¢) (YZ Y+ %m)} +

bl
[y

—1
d

)
ISW)

(5.19)

+g [sin (26;) (y,j Yt ’}kak)] (M —DF) o,

which proves that, for any finite NV, not even a single population is conserved. In fact, according
to definition (5.51), sin (26;) > 0 for every odd, positive integer k. Nonetheless, since both the
Bogoliubov angle 6; and the two-particle operators y,j yj . and Y_ % appearing above are odd with

respect to the momentum, i.e., %Y = —7Y_« Y, the global expression remains the same under the
shift k — —k, which implies [H, 7] = [H,7A_], and thus every

I =g — g (5.20)

commutes with the Hamiltonian H (the properties of these operators in the Ising models are dis-
cussed in Ref. [121]).

5.1.3 Mapping to hard-core bosons and low-density approximation

Thanks to the presence of the /;’s, which represent a set of N /2 mutually commuting constants of
motion, the spin chain described by H can be exactly mapped onto a quadratic (yet non-diagonal)
Hamiltonian of hard-core bosons, as we show here. First of all, we analyse the structure of the
Hilbert space in the light of these constraints: each I; admits only three distinct eigenvalues, 0
and £1, which correspond to states in which two quasi-particles with momenta 4k are either si-
multaneously present or absent (|k, —k) and |@)), and to states in which only one of the two is
present (|k) or |—k)), respectively. We shall refer to the space spanned by these 4 vectors as the
k-th “subsector”. We remark that its vacuum |@;) is in principle different from the global vac-
cum |0) = @y |0x). Every possible choice of the N/2 eigenvalues mentioned above identifies an
eigenspace, which in the following we will call “eigensector”, or “sector”, for short; for exam-
ple, for N = 4 the string {/; = 1,/3 = 1} corresponds to the vector |k = 1) ® |k = 3), whereas the
string {I; = 0,13 = —1} is associated to the two-dimensional space generated by |0;) ® |—3) and
|1,—1) ®|—3). Since the aforementioned strings are N /2-characters long and the “alphabet” in-
cludes only three possibilities, the total number of sectors in which the global configuration space
is split is 3%. The dimension of each is 2M_ with Ny the total number of Os appearing in the cor-
responding string, because there are two possible choices for each 0, the two quasi-particles at
opposite momenta being either both absent or present, whereas every 1 unambiguously fixes the
related vector, as seen in the example above. The number of +1s dictates instead the Z,-parity
of the eigensector, as it counts the number of unpaired quasi-particles present. For example, for
N =38, {0,0,1,—1} identifies an even subspace of dimension 4, whereas {0,1,1,—1} an odd one
of dimension 2. By construction, each sector carries also a definite momentum k X J; in each sub-
sector. Thereby, the only possible operators which leave all eigensectors invariant are those which,
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in every subsector, preserve both parity and momentum. Among all possible combinations of the
fundamental operators Y., and ’}/lk, the only (non-trivial) ones satisfying these constraints are the
quadratic operators

Aok =Y Yot bL=%Y . bi=7va%, (5.21)

which represent the populations and the creation and annihilation of pairs with zero net momentum,
respectively, and the quartic one
Arii_ = biby. (5.22)

All other possibilities can be re-expressed in terms of these by making use of the canonical anti-
commutation relations (5.7).

Like every operator which commutes with each i, the Hamiltonian H clearly constitutes a
combination of the operators above. Less trivial is the fact that it can actually be rewritten entirely
in terms of pair operators (for the derivation, see App. 5.B):

( _N_l A 2 2 !
H= ¥ |oc—sin’(200)] (F-1)+H",
odd
N-1 .
H- % [2Bigbiby — kg (b1} + biby) |
4=
\ odd

(5.23)

with Y

Okg = N(l — Skq) sin (26k) sin (26q) and qu = €k6kq + Olg - (5.24)
This implies that the relevant dynamics is described by the interaction of zero-momentum pairs,
rather than single fermionic modes, and that we can therefore reformulate the problem in terms of

these new quasi-particles. In order to do that, we shall first uncover their nature: as they obey
b0 =0 vita,  {blbl}={bob} =0,

{bk,bZ} —1-1,

they behave almost, but not exactly, as hard-core bosons, which would require the last anticom-
mutator to be 1. On the other hand, by noticing that, in a sector with [; = 41, both b; and bZ act
as the null operator, we can effectively expunge them from H’. This operation leaves behind only
those corresponding to momenta g for which I, = 0, which then satisfy the hard-core constraint.
Thereby, within a sector characterised by having N/2 — N, unpaired quasi-particles, the projected
Hamiltonian effectively describes a fully-connected model of hard-core bosons on a lattice with Ny
sites. The corresponding base can be obtained by setting, for every involved k, the correspondence
0;) — |0g), |k, —k) — |1;), where 0 and 1 stand for the boson being absent or present, respectively.

This reinterpretation efficiently highlights the effect produced by V on the integrability of the
model: as we have seen that there are still N/2 conserved quantities, in fact, we cannot expect the
latter to be completely lost and, indeed, we identify sectors in which the theory is trivially solvable,
which are the ones that are almost completely lacking pairs (i.e., those whose strings display just

(5.25)

a few 0s). For example, the 2% totally-unpaired sectors collectively represent the zero-energy
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eigenspace of the Hamiltonian H and coincide with the corresponding one of Hy; furthermore,

each of the %’27_1 sectors having a single pair is two-dimensional and the corresponding reduced
Hamiltonian is already cast in diagonal form

A i
—& + % sin” (26y) 0
5.26
( 0 &+ & sin® (26;) (5:26)

in the basis {|0¢), |1x)} introduced above. This is due to the presence of an additional symmetry
in this model which separates each sector in two halves of equal dimension and involves the parity
of the number of pairs, i.e.,

[H,ei”Zkabk} —0. (5.27)

From a physical point of view, this is associated to the fact that the action of H' in Eq. (5.23)
either leaves their total number untouched, or it simultaneously creates or destroys two bosons.
Therefore, for any choice of N, there are always 2/V/2~2 (N +4) shared eigenvectors between H
and Hy. Although the structure becomes progressively more complicated as Ny grows, it is clear
that it cannot really display non-integrable features as long as the dynamics remains confined in
the low-Ny sectors.

The situation is reversed for Ny &~ N/2 > 1; even though the corresponding eigensectors are
exponentially smaller than the global Hilbert space (whose dimension is 2VV), their dimensions are
still exponentially large in the number of sites, as expected for a truly many-body problem. Note
that, even though the Hamiltonian (5.23) is quadratic in the pair operators, it does not define a free
theory, due to the hard-core nature of the bosons; indeed, if one tried to diagonalise it by applying
a generic Bogoliubov rotation

b = Argbl+ Bigh), (5.28)

would immediately face the problem that there is no choice for the matrices A and B which can
preserve the mixed commutation/anticommutation relations (5.25) other than the trivial one A =1,
B = 0. This relates to the fact that hard-core bosons are intrinsically interacting particles, for they
can be thought as ordinary bosons subject to infinite interparticle repulsion.

Within our setting, the dynamics always starts from the totally-paired sector Ny = N /2, inde-
pendently of the values of the quench parameters gy, ¢ and A. The initial state, in fact, can be
represented as [110, 117]

10) g0y < €444 0) (5.29)

(g0 v(g)

where 1, = tan (6;(g) — 6k(go)) (see also Eq. (5.61)) and the effect of the operator in the r.h.s. is to
generate pairs on the vacuum. Thereby, this class of initial states constitutes a suitable choice for
highlighting the effects of V on the dynamics. Still, for N >> 1, the interacting problem is hard to
solve; instead of employing the usual perturbative expansion in the interaction strength one can take
in this case a different approach, which makes use of the quadratic structure of the Hamiltonian.
The point is that the hard-core constraint is expected to become effective only when the filling of
a given mode approaches 1; as long as the quasi-particles’ densities remain much lower than that,
they behave approximately as standard bosons. From a formal point of view, the pair operators
by, b,T( can be expressed in terms of truly bosonic ones a, a,t by means of a Holstein-Primakoff
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transformation [123]

b, = \/]l—aZakak and bz :a,t\/]l—a,tak; (5.30)
one can then think of expanding the square roots as power series of their arguments
1~ 1+,
(5.31)
I~ 1x
bl=a (1—Ne— N2 +...
k a ( 2 k 8 k + )

where Ny = a,T(ak is the bosonic number operator. Hence, as long as the average and the fluctua-
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Figure 5.1: Initial populations (7 (t = 0)) as functions of the rescaled momentum NK /7 for various
choices of the quench parameters. (a) Curves at fixed go — g = 3; different colours correspond to
g = 1.5 (black), g = 2 (blue) and g = 3 (red); the filling of the modes increases the closer g is to the
critical value g. = 1. (b) Curves at fixed g = 3; the different colors for the solid lines are associated to
g = 10* (black), g = 10? (blue) and go = 10 (red). Unsurprisingly, the populations increase with the
quench amplitude |g — go|, however they seem to saturate far from their maximal value 1. The dashed
lines correspond to the ones with the same colours in Fig. 5.1(a); by comparing them with the solid
lines, one can conclude that the initial value of the populations is much more affected by the distance
from the critical point g — 1 than by the relative distance of the quench parameters |go — g|.

tions of N; remain small, one can conveniently truncate the expansions to just a few of the first
terms. Further details on this approximation are provided in App. 5.C. What makes this approach
particularly convenient is that, by expanding at the lowest order b,t ~ az and by ~ ay, we obtain
in each sector a quadratic, bosonic Hamiltonian which can now be diagonalised by a Bogoliubov
rotation. Calling Ky the set of paired momenta present in a given sector S, the expression of this
Hamiltonian is
Hy=— ¥ [e _ %\,sinz(ZGk)] +HI,
keKs

H{= Y [Zquazaq — Ockq(a;ia; + akaq)} ,
k,qeKs

(5.32)
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where the absence of terms such as b,% is still reflected in our definition of the matrix og,, which
has vanishing diagonal part.

Quenches in the magnetic field such as the ones we consider here typically produce small initial
populations, i.e., (fix) < 1 Vk — and are thus suitable to be studied within the approximation
introduced above — as long as g is not too close to the critical point g. = 1. On the other hand,
the actual amplitude of the quench |g — go| is relatively inconsequential, as illustrated in Fig. 5.1.
For ¢t > 0, the time frame of validity of the low-density approximation is determined also by the
strength of the interaction A: intuitively, the term aZag in Eq. (5.32) is the one mainly responsible
for the breakdown of the latter, since it is the only one which can actually populate the system to
higher levels, and its coefficient oy, is proportional to A. At longer times, the integrable picture
provided by the Hamiltonian (5.32) is spoiled because higher-order terms in the expansion of the
Holstein-Primakoff representation (5.31) introduce novel interactions. The latter are expected to
eventually drive the system away from its GGE towards a thermal distribution.

5.2 Numerical diagonalisation and results

As we have shown in the previous Section, the ground state of Hy(go) lies in the totally-paired
sector of H. This implies that, as long as we focus on invariant quantities (such as the populations
fi) it 1s sufficient to restrict the analysis to this sector, since the dynamics will never leave it. The
main advantage of working with the bosonic Hamiltonian (5.32) is that, being quadratic, it is not
necessary to diagonalise it on the whole eigensector, which would imply an exponential complex-
ity of order 2%, but it is sufficient to solve the one-particle problem by applying an appropriate
Bogoliubov rotation

ak=ArgNg+Bigny,  a, =Ag N+ B Mg, (5.33)

(the summation over repeated indices is understood) which casts H' in the form

N—1
H =Y Eming+C, (5.34)
Sad
where {Eq}q is the single-particle spectrum and C an unimportant constant. This problem amounts
to the diagonalisation of a N x N matrix, and is thus of polynomial complexity in N. As a con-
sequence, one can conduct a numerical analysis up to quite large system sizes. Details about the
diagonalisation procedure and the numerical computation of the relevant observables are provided
in App. 5.D. For A = 0, one readily obtains from Eq. (5.24) that B, = &, and this implies that
the unperturbed bosonic one-particle spectrum is E; = 2&;, where the factor 2 accounts for the fact
that each boson represents a pair of fermions with equal energies. The unperturbed eigenvalues
are reported in Fig. 5.2(a), which clearly shows that the spectrum is non-degenerate. As a con-
sequence, the first non-trivial corrections due to the interaction are of order O (lz), as shown in
Fig. 5.2(b) and 5.2(c). Moreover, they scale as 1/N with the system size, as we have also verified
numerically.
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Figure 5.2: (a) Plot of the non-interacting one-particle bosonic spectrum Ex (A = 0) = 2¢ (i.e., twice
expression (5.8)) in increasing order for N = 200 and g = 3.5; the two dashed red lines denote the
two extrema g — 1 and g+ 1. (b) Difference E;(A) — Ex(0) between the perturbed and unperturbed
eigenvalues for A = 0.1 (black), 0.2 (blue) and 0.3 (red). (c) As expected for a non-degenerate
spectrum such as the one shown in panel (a), the first non-trivial correction is of order O (12); this
plot shows the same curves of panel (b) after being rescaled by 1/A2, which makes them collapse on
a single master curve.

In order to gain some insight on the range of validity of the low-density expansion, we have
diagonalised exactly the fermionic Hamiltonian (5.23) in the aforementioned, totally-paired sector
up to N = 20 (this constitutes an exponentially-complex problem, so we had to consequently limit
the system size) and compared the so-obtained dynamics with the one extracted from the bosonic
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Figure 5.3: Temporal evolution of the Ising energy E;(t) = (Hy(t)) for go =8, A =0.1 and N =20
within the time interval 7 € [10000,10005]. Black lines represent data calculated in the fermionic
formalism, whereas red ones refer to the bosonic one. (a) For g = 3.5 the two curves are indistin-
guishable in this time range. (b) For g = 1.5, which means closer to the critical point than (a), the
red curve still resembles the black one. However, the low-density approximation breaks down much
earlier than in the previous instance.
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formalism. In Fig. 5.3 we report the evolution of the Ising energy

N—1

EPD (1) = (Hy(g.1) = Y & (1) (5.35)
k=1
odd

calculated in the bosonic (b) and fermionic (f) formalism for N = 20, go = 8, A = 0.1 and two
different values of g in the time frame [10%,10*+ 5] which, as we will show in the following,
includes very large times with respect to the typical scales at which prethermalisation emerges. As
panel (a) corresponds to g = 3.5 and panel (b) to g = 1.5, it becomes apparent that the low-density
approximation fails on shorter and shorter time-scales the closer the quench ends to the critical
point g. = 1. This is related to the fact that, as we mentioned at the end of Sec. 5.1.3, the closer g
is to its critical value, the larger are the initial populations (7 (# = 0)). On the other hand, we have
numerically verified that for g = 1.01 and all the other parameters fixed as above, the agreement of
the two curves remains within 2% up to f ~ 10, which implies that, as long as the interaction A is
small, the low-density approximation enjoys a very large range of validity. In order to understand
the effect of the interaction, we have also performed the same comparison at different values of A
and N; the results are shown in Fig. 5.4, where we report the relative error
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E 0O M ‘:’ 0.0000 *'v""'-W"'"'”v”uﬁu”u”v%‘“v“ ...... LLALAL
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‘ ‘ ‘ —0.0015%. ‘ ‘
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t t

(@) (b)

Figure 5.4: Plots of the relative error Err(t) defined in Eq. (5.36) as a function of time for N = 20,
go =8, g = 3.5 and various values of the interaction strength A = 0.1 (black), 0.2 (red), 0.5 (blue) and
0.9 (orange). (a) Both choices A = 0.1 and 0.2 display very small error up to very long time scales.
(b) This plot highlights the fact that the error grows considerably when increasing A; as stated above,
the red line, which here looks almost constant, coincides with the one displayed in panel (a).

Err(t) =

(5.36)

on the Ising energy due to the low-density approximation. From them, we infer that indeed strong
interactions tend to spoil the approximation much before, even though their effect seems to be less
drastic than ending the quench near the critical point. Even if just in the limited range N < 20, we
have also verified that the accuracy improves when increasing the size N.
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By comparing panels (a) and (b) in Fig. 5.3 one can see that the typical frequency of oscillations
depends on the value of g. As a matter of fact, the expectations of operators such as ny, a; and
a}: can be expressed as sums of terms oscillating in time with frequencies |E,, — E,,| and E,, + E,,,,
which we will be referring to as "slow” and "fast”, respectively. Comparing the discrepancy of
the actual spectrum with respect to the unperturbed one in Fig. 5.2(b) with the energy scales of
Fig. 5.2(a), it emerges clearly that for small A the spectrum of Hy is very weakly perturbed, and thus
Ey ~ 2¢&,; this implies that the slow frequencies range approximately from O to 4, whereas the fast

ones from 4(g — 1) to 4(g+ 1), which justifies our naming conventions for g > 2. This separation

0.006019}
0.0061
A A
£ 0.006018 >
S v - __ YV
0.006017/ [
| | | 0.006C - ---------- e
10 20 30 0 20 40 60 80 100
t t

@ (b)

Figure 5.5: Population dynamics (7 (¢)) for go =8, g =3 and A = 1. (a) The black curve represents
the evolution of the central (k = 81) population (7ig; (¢)) for N = 160. The red one is the corresponding
evolution calculated taking into account only the slow modes. This plot clearly highlights the presence
of fast modes which “dress” the curve described by the slow ones. (b) Dynamics for various values
of the system size N: the black solid line denotes the population for k = 81 and N = 160; the red one
k=61 and N = 120; the blue one k = 41 and N = 80. The dashed lines of the respective colours
keep track of the initial (t = 0) value of each curve. Thus, it emerges clearly that the populations relax
towards a prethermal value which is different from the initial one. The plateaux last until a recurrence
time 7z which marks the reappearance of oscillations and corresponds approximately to N /2.

of time scales is highlighted in Fig. 5.5(a) in the dynamics of a single population (fig (¢)), which
is representative of the typical behaviour.

As we have mentioned at the end of Sec. 5.1.3, thermalisation cannot occur without scattering
(and thus energy and momentum redistribution) among the modes. This requires the breakdown
of the low-density approximation, since within its scheme the Hamiltonian (5.32) is substantially
free. Therefore, the typical time scales on which it ensues have to be larger than the regime of
validity of the numerical picture we are providing. Actually, as can be read from Fig. 5.4, for a
wide range of the quench parameters they are some orders of magnitude greater than the typical
scales required for prethermalisation. The latter can be gleaned from Fig. 5.5(b), where marked
plateaux arise in the evolution of the bosonic populations (which, at this level, are substantially
equal to the fermionic ones): these quasi-stationary values are typically reached within ¢ ~ 10,
independently of the system size. As mentioned above, however, the dynamics of observables such
as these is characterised by a finite collection of frequencies; therefore, the destructive interference
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which gives rise to the aforementioned plateaux cannot last indefinitely at finite size and, in fact,
oscillations reappear at a recurrence time tg ~ N /2.

The same prethermal behaviour is reflected in the evolution of extensive observables such as
the total number of quasi-particles N,(¢) = Y (7ix(¢)) and the Ising energy (5.35), which represent
two examples of a wider class of quantities which can be written as linear combinations of the
populations

N—1
O(t) =) c (1)), (5.37)

odd
corresponding to ¢ = 1 and ¢y = &, respectively. Figure 5.6 displays the evolution of said observ-
ables and highlights, as expected, the presence of quasi-stationary values preceded by oscillations
which decay algebraically as t~%, with a = 3; to render apparent the latter, we also provide the
same plots in double-logarithmic scale. The fact that the same exponent & ~ 3 appears in both
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Figure 5.6: (a) Time evolution of the Ising energy E;(z) for N = 100, go =8, g = 3.5, and A =
0.1. Ej attains a quasi-stationary value E,, with an oscillating behaviour whose amplitude decays
algebraically as r~% with o = 3. (b) Time evolution of the total number of quasi-particles N, () for
the same parameters. The behaviour is substantially the same: N, (¢) shows algebraically decreasing
oscillations towards a quasi-stationary value N, 4. In both cases, the short dashed lines indicate the
starting points of the evolution, i.e., the initial values £;(0) and N,(0). The insets show |E;(t) — E|
and |N,(t) — N, 4| in double logarithmic scale and highlight the algebraic decays o< 1~%; the straight
red lines, corresponding to & = 3, have been superimposed for comparison.

quantities is likely to be related to the fact that they belong to the same class defined by expression
(5.37). Therefore, we can reasonably expect this exponent to characterise the whole set, apart from
specific choices of the coefficients ¢;. In Fig. 5.7 we study the same two quantities for different
values of N and A, showing that the typical amplitude of the oscillations around the respective
quasi-stationary values scales as AN as long as A is small enough (i.e., A < 0.5) and N large
enough (N 2> 40). Note, however, that the recurrence time #; explicitly depends on N, thus curves
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Figure 5.7: Displacement from the stationary value of the Ising energy AE;(t) = E;(t) — E4 and
total number of quasiparticles AN, (1) = N,(t) — N 45 for go =9 and g = 4. (a) and (b) At A = 0.1,
the different curves correspond to different system sizes N = 60 (black), 80 (red), and 120 (blue). (c)
and (d) For N = 80, different colours stand for A = 0.1 (black), 0.2 (red), 0.4 (blue). In each inset

the curves of the corresponding main plot are rescaled by 1/(AN), which leads them to collapse to a
single master curve.

at different N can be collapsed one onto the other, as in Fig. 5.7 only until the first recurrence. On
the other hand, this proves that the exponent ¢ of the algebraic decay does not explicitly depend on
N nor on A. We have also studied the algebraic decay for a slightly different choice of the quench
parameters gop = 9, g = 4 with respect to our analysis illustrated in Fig. 5.6 and verified that the
exponent does not change.

Figure 5.8 highlights the peculiar fact that, for both the Ising energy E;(¢) and the total number
of excitations N, (t), the oscillating behaviour reappears sooner than in the case of the single pop-
ulations (which constitute their building blocks, according to Eq. (5.37)). Moreover, this feature
appears to be entirely due to the fast modes; this means that, while the slow ones are subject to mu-
tual destructive interference up to 7g ~ N /2, the fast ones belonging to different modes & interfere

constructively starting from a different time ¢, which, as we have verified numerically, corresponds
approximately to tg /2 ~ N /4.
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Figure 5.8: Time evolution of (a) the Ising energy E;(¢) and (b) the total number of quasi-particles
N, (1) for N =60, go =9, g =4 and A =0.1. The red lines illustrate the contribution of the slow modes
to the same quantities. Unexpectedly, oscillations reappear before the recurrence time g ~ 30 found
in the case of single populations 7i;; moreover, since this effect does not arise in the slow modes,
it must be entirely due to constructive interference between the fast modes belonging to different
populations (i.e., different ks). In order to better highlight this fact, in the insets we magnify for each
plot the central part.

5.3 Conclusions

In this Chapter we have studied a particular perturbation (Eq. (5.17)) of the quantum Ising chain
which breaks a large number, although not all, of its conservation laws, thereby spoiling its in-
tegrability; in particular, we have focused our attention on the non-equilibrium dynamics after a
composite quench of both the perturbation strength A and the transverse field g. Opting for a
numerical approach, we benefited from a suitable mapping of this model into the hard-core bo-
son Hamiltonian (5.23), which at the lowest order in the low-density approximation, i.e., for small
quenches and far from the critical point, is exactly solvable. This allows us to describe the approach
towards a quasi-stationary prethermal state of our non-integrable model in terms of the effective
relaxation towards the GGE of an approximately equivalent, integrable one.

The evolution of observables such as the populations 7 of the fermionic modes display, when
the system size is adequately large, i.e., N = 40, marked plateaux which last up to a recurrence
time g ~ N /2. Global, extensive observables such as the total number of excitations N, and the
Ising energy E; show a similar behaviour; their oscillations, however, reappear sooner, at a typical
scale tp ~ N /4. The approach to their quasi-stationary values is, disregarding the superimposed
oscillations, algebraic with exponent o ~ 3. This value does not explicitly depend on the system
size N nor on the interaction strength A and seems to be also independent of the values go and g
of the transverse magnetic field, as long as they are kept far from the critical point. We argue that
finding the same decay for both quantities reflects the fact that they belong to the same class (5.37)
of observables which can be expressed as linear combinations of the populations (7).

On the one hand, there is still room for improvement in our numerical approach: as a matter
of fact, it would be interesting to expand our description by accounting for all the other quantities
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which leave the sectors invariant; as we have argued above, this means taking into account every
possible — not necessarily linear — combination of the operators introduced in Egs. (5.21) and
(5.22). This would allow us to compute some typical quantities related with the spin representa-
tion, such as average and correlations of the transverse magnetisation M*, and verify whether the
relaxational behaviour shows a different law or a different algebraic exponent. On the other hand,
by construction our numerics is completely based on the pair formalism and cannot thus distin-
guish the features encoded in single fermionic operators. A different, analytical approach would
be in principle required to capture the latter.
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Appendix 5.A The quantum Ising model: from spins to fermions

This Appendix is devoted to providing a brief overview on the diagonalisation procedure of the
Ising Hamiltonian (5.1) and to showing how the main features of the model emerge; for a com-
prehensive discussion of this and the more general case of the XY chain, we refer the reader to
Refs. [124, 125]. In the following, we will consider for simplicity only even values of the number
of sites N and assume periodic boundary conditions at the ends of the chain, 1.e., 81‘\,1 1= 81“ ;
note that, as long as one is mainly interested in the bulk behaviour, especially in the thermody-
namic limit, the latter does not constitute a restriction. First of all, we employ a Jordan-Wigner

transformation [126, 127]

8l-y =1 il__[l (1 — ZCZCZ') <c7 — Ci) , (5.38)

which is defined in terms of fermionic creation (clT) and annihilation (c;) operators. Note that,
thanks to the anticommuting nature of the latter, the relations (5.2) are recovered. The Hamiltonian
thus becomes

1 N—1
Ho(g) = ) Z [CjCiH +C,T+10i+C,TCL1 +Ci+lcz} +
i=1 (5.39)

1 N =~
—|—§Uzz <c;{,cl —1—071ch +C}LVCJ{ —|—C1CN> —g (5 —N) ,

where N = Y, cjc,- denotes the total number operator and Uz, = e/ constitutes the parity operator
and coincides with the Z; transformation already introduced in Sec. 5.1.1 (see, e.g., Eq. (5.10)).
Since [Hy(g),Uz,] = 0, we can conveniently separate the Hilbert space into the two eigensectors
with Uz, = =1, corresponding to even and odd number of fermions, respectively. Note that the only
part of Eq. (5.39) which is affected by this dichotomy is the boundary term, i.e., the one connecting
the ends of the chain. As a consequence, the choice of the sector translates into different boundary
conditions for the operators; in particular, periodic ones (cy41 = c1) are obtained in the odd sector,
whereas anti-periodic ones (cy+1 = —cp) appear in the even one [117]. Thus, one can employ a
unified notation

14Uz 1-Uyz
Ho(g) = —— = Hg () + — = H{ (2), (5.40)
1Y N -~
H(’)S/O =-3 Z{ [cjciﬂ +c§+1c,~+cjcj+1 +c,-+1c,~] —g (5 —N) , (5.41)
=
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where the appropriate boundary conditions are understood. We focus now on the even sector and
apply an antiperiodic, discrete Fourier transform

N=1  omi.e 1
I ~2(pr)
Cj:\/_ﬁ Oe NJ(p Z)CI77
p:
. [Nl (4l s (5.42)
TN E© “p

to Hé5 , which yields

N—1
27 1
E
HO = — Z |:COS (W (p+§)) C;Cp+

p=0 (5.43)

_Esln (W <p+ 5)) (c;r,cﬂ%1 —cplcp)} —g (5 —N) )

As long as one is interested in the behaviour of the system in the thermodynamic limit, it is possible
to define a continuum variable k, = 27p/N and neglect the addends 1/2 in the expression above.
Since we are interested instead in an exact, numerical approach, we introduce a new momentum
k=N —1—2p, running only over odd integers, from —N + 1 to N — 1; clearly, the correspondence
between k and p momenta is one to one (modulo N). Correspondingly, we define new operators

{ d, = CN-1-k = Cp,

d,k = CN—21+k =C_p-1- (5'44)

which are obviously still fermionic in nature; the even-sector Hamiltonian is thereby recast in the
form

HE = Nzl cos(nk)de +isin(”k) (dd", —d_ydy) N_§ (5.45)
O—k:1_N N e 3 N Ak —kQ 8 ) ) .
odd
and it is quite easy to show that
N N—1
N=Y ce,= Y dld. (5.46)
p=1 k=1—-N

odd

We now introduce a Nambu spinor notation

d df \T
b — ( dik > and & = < o~ ) , (5.47)

where T denotes transposition. This allows us to halve the momenta, by taking effectively into ac-
count only positive ones, and to give an even more compact expression for the even-sector Hamil-
tonian: in fact, by considering that élj 0% = d;:dk — d"_kdi = d,jdk + C‘iikd—k — 1, where we have
made use of the anticommutation relations, and that ‘g’,l 0¥E =—i (d,i d’ . +d_idy), one finds

N—1
HE =Y &, (5.48)
=
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where

My, = <g+cos (%k)) ol — (sin <%k>> o’ (5.49)

is a collection of 2 x 2 matrices in spinorial space. The Hamiltonian (5.48) represents a quadratic
theory of fermions; therefore, it can be diagonalised by a suitable Bogoliubov rotation which rede-
fines the operators a’k,d,;r in terms of new ones ¥, ’y,j , while preserving the canonical anticommu-
tation relations:

Yk T 1 ! (6,0
Vi = < 7 ) =g = ( /7 ) =gl e 100" (5.50)
k —k
where the Bogoliubov angles 6y = —0_; = 6;(g) are defined by the relations [13]
+cos (Lk sin ( £k
cos (26;) = ggﬂ and  sin(26;) = % (5.51)
k k

with 8,3 = (g + cos (]Evk))2 + (sin (]Evk))2 the dispersion relation already encountered in Eq. (5.8).
Note that the definition of the new spinors depends on the specific value of g. The result of this
transformation is HY = Z v, Doy, with

X . X : X : X
D =% 170" = i g 5.6/ = .07, (5.52)

where we used for the second equality the fact that, according to definitions (5.51), the matrix in
Eq. (5.49) can be rewritten as

My = g (cos (26) 67 —sin (26;) 0”) = .67 (cos (26;) +isin (26;) 6¥) = g.6%*%%" (5.53)

and for the third one the identity c#e*® =e~% o, which holds for i = y, 7 for any value of the
coefficient o. Thus, we obtain

H (g Z &Y O W, (5.54)

odd
which is exactly the Hamiltonian in Eq. (5.5). The lowest energy state coincides with the vacuum
|O>Y’ i.e., the state with no particles, the corresponding eigenvalue being EX = — ¥, &.. Since the

Bogoliubov rotation in this case is very simple, as it connects only modes at opposite momenta +k,
it is fairly easy to relate it to the vacuum |0) , in the basis of the d fermions: it is in fact sufficient
to solve the problem separately in each subsector. Employing the same notation introduced at the
beginning of Sec. 5.1.3 one finds

Ye|Ok), = (COS Okdj + isin deik) (a1|0c), +az |k}, +az|—k),+aslk,—k),) =

(5.55)
= aycos O |0y) ; + (as cos Oy + ia; sin 6;) |—k) ; + iaz sin O |—k, k) ; = 0,
which implies a, = 0 and a4 = —iajtan 6;; by applying instead y_; one obtains a3 = 0, which
completely determines the state. Overall, this yields
N— 3| N=1 :
0), = I;[ (1+tan29 ) qI:Il ( —ztaneqdqd,q> 0)y, (5.56)
odd
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where the normalisation inside the square brackets ensures that the vector has unit norm ,, (0| O>y =
1. When considering quenches gop — g starting from the ground state, it is often convenient to
relate the vacuum of the theory with transverse field go with the corresponding state for g; this can

2
be done by noting that, since <d;di q> =0,

(1-iadjd’,) (1-ibdjd" ) = (1-i(a+b)d}d",) (5.57)

for any choice of the coefficients @ and b. Thus, by recalling that the d fermions do not depend on
the specific value of the magnetic field, one can write

N—1

0)y(g0) = Hl (1-i(tan 60, —tan6,) dfd" ) 0),,). (5.58)
q=
odd

where we have introduced the shorthand notation 6, = 6,(g), 604 = 6,(g0); the factor 4" is fixed
in such a way to preserve the normalisation, i.e.,

1
N1/ 1+tan?0, \?
N = ——1 |. 5.59
[Il (H—tanzeoq) (5-59)
q= I
odd
By re-expressing d;r diq as
d; diq = (isin 0,7-4+cos quD (—isin 6,7, +cos quiq> , (5.60)

with the shorthand notation ¥, = ¥,(g), we obtain

N—1
10)y(g0) =" 1:11 (1~ itan (604~ 6,) 77, ) 10}y, (5.61)
T
where 1
N-114tan@,tan6, N 1 2
N =N 4= . 5.62
ql;ll 1 +tan? 6, ql;ll 1+ tan? (6, — 6o4) (5-62)
odd odd

Note that this peculiar, factorised structure of the quenched state produces an interesting conse-
quence: any relevant observable ¢, which is constructed as a combination of products of the

(t)

elementary creation and annihilation operators ykT can be associated to the set of momenta

H(O) = {k\ }/,ET) or }/(Tk) appears in the definition of & } (5.63)

which actually appear in its definition. Then, for two generic observables &) and ¢, as long as
H(O))NH (0,) = 0, their averages factorise

1(50) 01 010210} 001 = y(29) O1 O110)(40) 150 (01 O210) () 5 (5.64)
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independently of the parameters gg, g of the quench.
The Hamiltonian of the odd sector HOO can be diagonalised with a similar procedure, which

yields
N—2

B9 = (-1 (v -3) + @40 (dn-3) + Levjows 669

Soen
the main differences with Hg are that here the sum runs over even values of the momenta and that
the energy of the N-th elementary excitation is positive only for g > 1; for g < 1 the creation of a
quasi-particle is actually an energetically favourable process. Taking into account that, in the odd
sector, at least one particle must be present, the lowest energy state corresponds to the one in which

only the N-th mode is populated, and the corresponding energy is

0 1 1 N-2
E§ zi(g—l)—i(ngl)—qu. (5.66)
q=2

even

It is possible to prove that Eg < EOO for any choice of g and thus conclude that the true ground state
lies always in the even sector. Nonetheless, in the thermodynamic limit these two energies coincide
for every g < 1, whereas they still differ by g — 1 for g > 1. This feature gives rise to a quantum
phase transition, allowing the longitudinal magnetisation (G7) to take non-vanishing values in the
ferromagnetic phase g < 1. In fact, since 8{“ is an odd operator under the Z, symmetry, it cannot
connect states with the same parity. Only in the case of degeneracy between the even and odd
sectors can it display a non-zero average.

5.A.1 The interaction term

In the following we relate the integrability-breaking term introduced in the spin formalism (5.12)
to its corresponding expression in the fermionic one (5.17). The total transverse magnetisation
explicitly appears in Hp, thus one can directly extract its fermionic representation from the last
term of Eq. (5.43):

7 _ N N T <z
MP=N-= = Y &lo%. (5.67)
odd

N-1

Applying the Bogoliubov rotation (5.50) we readily find M* = )} l//,j O} Wk, with
k=1
odd

~ . y [ cos(26;) —isin(26))
0 = c0s(26;)0° +sin(26; )07 = ( isin(20,) —cos(26,) )’ (5.68)

which yields, once rewritten in “scalar” form,

74 N NI A N . . Tt
M =-Z+ Y [COS (26)) (7ix +7A_x) —isin (26;) <Yk Y~ '}’—k?’kﬂ : (5.69)
k=1
odd
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with 7 = y,j Y the populations introduced via Eq. (5.9). Now, by applying the evolution in the
Heisenberg picture 9,y (1) = i [Hf , i (t)] = —igx¥(r) and the identity & = &_y, one finds for the
magnetisation at time ¢ after the quench

N N—1 . . Y
M(r) = —§+k; [cos (26)) (A +A_y) — isin (26 <e2 el gyl o2t y,kykﬂ. (5.70)

odd
Since the one-particle spectrum &, does not include null values in the even sector (actually, with the

exception of the critical point g = 1 in the thermodynamic limit), upon performing the long-time
average (5.13) all oscillating terms vanish, leaving behind

o N N-l N—1
7 — —3 + k;l cos (26y) (g +i_y) = k;l cos (26y) w,jczll/k, (5.71)
odd odd
which in turn implies
— N-l N-—1
M —ME=—iy [sin(zek) (y,j yik—y_kyk)} =Y sin(26,) v 0"y (5.72)
k=1 k=1
odd odd

The expression above coincides with the one reported in Eq. (5.17) inside the brackets. Now, using
the identity [AB,C] = A [B,C] + |A,C] B, along with the relations

o] == o] =% (5.73)
it is not too difficult to prove that, for every fixed k,

[M? —MF, 7] = — isin (26)) ([y,j,ﬁk] Y= v [yk,ﬁkD — isin(26)) (y,jyik + y_kyk> :
(5.74)

from which one can reconstruct the result in Eq. (5.19).

Appendix 5.B The mapping to hard-core bosons

Here we show in detail how the fermionic Hamiltonian (5.18) can be cast in the bosonic-like
expression of Eq. (5.23). Expanding the spinorial products we find

2
N-1 A N-1 - N-1
H = Ek (ﬁk—i—ﬁ,k — 1) + N i Z sin (29k) (Y]Z’}/ik — ’}Lk’}/k) = Ek (ﬁk—l-fl,k — 1) +
odd odd odd

)L N—1 ) ) .
- kzl [sm (26, sin (26,) (b,ibjl +byby — bib, — bkbqﬂ ,
q=
odd

(5.75)
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having introduced in the expression above the pair operators defined in Eq. (5.21). Note that it is
possible to exchange k <= ¢ in the last term, as the coefficient in front

Oy = ]&Vsin(29k) sin (26,) (5.76)

is symmetric. Using the commutation relations [bq, bﬂ = (1 —7ig —i_g) Org» we find

H= Z ( k——sm 29k)) (A A —1)— Z Olkg (b by -+ bib 2191%)- (5.77)
odd koqdd1

Now we make use of the fermionic nature of the populations 7, = ﬁ,% to rewrite
A A a2 A2 A2 A2 Aaa AA (A a2 T
Ak +A_, = A +A2, = A+ A% — 2+ 2 = (A — A_i)” +2b, by, (5.78)

where we have used the identity in Eq. (5.22) to rewrite the last term; inside the brackets we
recognise the constant of motion I, = 71, —1_j. Applying the equality above to the first part of the
Hamiltonian yields

N—-1
H= Z ( k——sm 29k)> F-1)-Y &, (b,ibj,+bkbq>+

k.g=1
odd odd
(5.79)
N—-1 _ A
+ Z 2 (Olkq + (Sk — Zgin? (29k)> 5kq) bj;bq
kg1 N
odd

Note that 0 = (A/N)sin*(26;); we define now ai; = O, (1 — 8, ), which coincides with the
one appearing in Eq. (5.24) and notice that we can perform the substitution &kq — Qg In the
second sum of Eq. (5.79), since for k = g the corresponding operators identically vanish. Thus, the
Hamiltonian becomes

N—1

H= Z ( = —s1n (26 ) I —1) Z akq( b;#—bkbq) + Y 2(oug+ &biq) blbq
k,g=1 k.g=1
Odd oqdd qud

(5.80)

which, once we define B, = &8, + Gy, yields the one reported in Eq. (5.23).

Appendix 5.C The Holstein-Primakoff transformation and its
truncation

Hard-core bosons constitute a typical feature of S = 1/2 spin chains: as a matter of fact, by intro-
ducing the operators

(6 +6)), (5.81)

| =
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where 81.“ represent the spin operators already encountered at the beginning of Sec. 5.1.1, the
identification

~

6" b, 0 <b, G <2bb—1, (5.82)

1

naturally ensues, where blT and b; are creation and annihilation operators for hard-core bosons. The
Hilbert space can be reinterpreted accordingly by setting the correspondence |1;) < [1), |];) < [0)
between the spin and the particle states. The Holstein-Primakoff transformation [123] is meant
to reproduce the hard-core constraint by means of a suitable combination of standard bosonic
operators, therefore providing an alternative picture in which approximations can be based on
considerations on the quasi-particles’ densities and their fluctuations, rather than on the interaction
strength. Here we shall focus, for simplicity, on a single mode b, b", which is recast in the form

=)

b=\/1-Na, b =a"\/1-N, (5.83)
with a, a bosonic operators and N = a'a. The Hilbert space is enlarged accordingly, from the
two-dimensional space spanned by |0) and |1), to the infinite-dimensional one generated by the
usual bosonic number basis {|n)},.,. On the other hand, the latter is split into two sectors that
cannot be connected by b and b', which respectively include all the “physical” states {|n)},_,
and all the “unphysical” ones {|n)},- ;. This represents a relevant aspect, as the anticommutation
relations

{b,b*‘} — 142N —2N*=1+2N(1—N) (5.84)

are not correctly reproduced at the operatorial level; however, on both physical states (and, thus,
in the whole physical subspace) one finds {b,bT} = 1, thereby recovering the hard-core nature.
When expanding the square roots in Eq. (5.83) as power series, and approximating the b operators
by truncation at any finite order, the separation between the physical and unphysical subspaces
becomes weaker. This feature emerges quite clearly when considering the simplest case, i.e.,
b") =~ a'); within this approximation, we find in fact that 7 |1) = |2), which connects the physical
state | 1) with the unphysical one |2). Consequently, the regime of validity of such an approximation
is determined by the overlap of the state under study with the physical basis: the more it resembles
its projection onto the physical space, the more accurate the result is. We shall now briefly discuss
the implications that the truncation casts on the populations /i = b'b. First of all, we notice that

~ —~ ~ =~ ~ 2
i=da'(1-Nya=daa—aalN-1)=2N-N? = 1—<N—1> , (5.85)

which implies that, while the constraint (/i) < 1 is preserved, the lower bound (/i) > 0, which gives
physical sense to the particle interpretation, holds only in the physical sector, whereas one finds
(i) < 0 in the unphysical one.

In Sec. 5.2, we extensively used the approximation 7 ~ N. Once again, this is valid in the
physical sector: in fact, if we restrict the states to just |0) and |1), we can see that

N™0)=0 and N"|1)=]1) (5.86)

for every (integer) m. Thus, as long as the system is still lying approximately in the physical space,
we can approximate N ~ N, which renders 7 ~ N. Conversely, it is true that if, for any integer
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< 1, (5.87)

then the truncation holds, as we prove below. Consider in fact a generic normalised state |y) =
Y, a, |n); according to the discussion above, the latter can be considered “approximately physical”
aslongas ), \an|2 < 1. Calculating the averages in Eq. (5.87) on this state one finds

%)

Y lanl( ) < Z lan|*n. (5.88)

n=0

The first two addends of the sum in the L.h.s. and the first one in the r.h.s. vanish, so that we can
rewrite the expression above as

Z Jan]* ( ) < |ai [+ Z lan|*n, (5.89)
n=2
which is equivalent to
Y lanl? (0" —2n) < |as]*. (5.90)
n=2

Now, we note that if m > 2, then the expression n” — 2n is always greater than 1 for n > 2, which
allows us to conclude that

Y lanl* < Y lanl* (0" —2n) < |ai P < Y |aa] =1, (5.91)
n=2 n=2 n=0
proving that the state is indeed an “almost physical” one. For m = 2 we rewrite Eq. (5.89) as

2|+ Y |anl* (0 —2n) < |a1[* +2]aa . (5.92)
n=3
As the sum appearing in the Lh.s. is positive, this implies in particular 2 |as|* < |a1]? + 2 |aa|?,
which can be true only if |a, |2 < aj ]2; consequently, we can effectively expunge a; from Eq. (5.92)
and the rest of the proof follows as in the case m > 2 treated above.
From the discussion above, we understand that, although the truncation is sometimes referred
to as “low-density approximation”, it does not necessarily require, as that name would suggest,

that <N > < 1. Furthermore, the latter does not even represent a sufficient condition: take for
instance a, = .4/ (n> +1), with .4 = 90/7* ~ 0.92 a suitable normalisation factor. This produces
<]V> ~ 0.11, which is quite small, but also <ﬁ2> ~ 0.3, implying (/i) ~ —0.08, which is clearly

outside of the physical range On the other hand, <ZV > > 1 constitutes a clear sign that unphysical
states are populated; therefore, it is still safer to start from initial conditions — which must be
defined entirely within the physical sector — that satisfy <1V > < 1. This condition thus represents
a physically reasonable assumption, though not a mathematically precise one.
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Appendix 5.D Diagonalisation procedure and calculation of the
observables

The Bogoliubov rotation in Eq. (5.33), which is meant to diagonalise H’, constitutes a change of
basis and can therefore be expressed by a suitable unitary transformation. On the other hand, its
implementation (5.33) is not realised via a unitary matrix. As a matter of fact, for the commutation
relations to be preserved, the %V X %’ matrices A and B must obey the identities

AA"—BB" =1,  ABT-BAT =0, (5.93)
which define a symplectic matrix (see App. 5.D.1)
A | B
M= ( BT A ) , (5.94)

acting as M7} = d on the vectors

ﬁ = <n17n27"'7”%7”177";7"'7”;)7
° (5.95)

= _ T i
a= (Cll,dz,...,61%,a1,a2,...,aM .
2

The diagonalisation procedure reported in App. 5.D.1, which makes use of the constructive proof
of Williamson’s theorem [128], is exact in the sense that no approximation is involved other than
the low-density one already employed to write down H’ in Eq. (5.32). Single-particle eigenvalues
and eigenvectors can therefore be obtained to any desired accuracy (e.g., for the data used to draw
Fig. 5.2, to the 50-th digit). However, this is still not enough for studying the dynamics, which in
general requires also to rewrite the initial state |0) ¥(20) in terms of the new Fock basis corresponding

to the operators n,j , M. Note that even though in the a-operators basis the state is a combination
involving, for each mode k, only O-particle and 1-particle states, this is not generically true in the
new basis. This implies the necessity to approximate it with its projection on a finite subspace,
thereby spoiling the exactness of the diagonalisation. On the other hand, since the system is free,
this obstacle can be conveniently overcome by using the Heisenberg picture for the evolution,
instead of the Schrodinger one: we consider for instance a population 7i; and introduce the inverse

transformation
_ CcC|D
M 1:<D* C*>, (5.96)
which maps the 17, n7 formalism back to the one built with a, a': M~'d = 7j. Note that, being in

a sector with I = 0, we are authorised to treat the operators 714 as if they were one and the same;
thus, making use of the identity (5.22), we can rewrite

n(t) = W) = (i () = BL(OB(E) ~ a] (Dax(t) (5.97)

for any time ¢ after the quench, as long as the last approximation holds (we recall that the last one
is an equality at = 0). Using the change of basis (5.33) we find

(af()axlr)) = X {2Re [ A7, Brgy (nfy (M) | + [ Al Akgs + BrayBigs | (miy (002(0)) -
(5.98)
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We now make use of the fact that the system is free for explicitly determining the temporal evolu-
tion of the operators involved: according to Eq. (5.34) we have

ni@)=e"nl and n,(r)=e "y, (5.99)

Consequently, the expectations in Eq. (5.98) oscillate as

<77; (), (t)> - (ZDqlqz ofFart (5.100)
(M3, (OMgs(1) ) = (Zo) g, € En ~E ), .

where we have introduced the matrices encoding all the initial values for operators quadratic in the
bosons Zy 4,4, = <n;l nqz> and Zy 4,4, = <nq1nq2>. This makes apparent the separation between
“fast” and “slow” modes already discussed in Sec. 5.2 and highlighted in Fig. 5.5(a). We also
introduce the corresponding, analytically-known matrices

. 1-§ , '
Wo)iy i, = <a;£1ak2> = 8k, Sin? (ABy,) + (%) sin (A6, ) sin (A6,),
(5.101)

1-6 . :
Wik, = <ak1(lk2> =— (%) sin (A6, ) sin (A6,),

where A6, = 6(g) — 6k(go). In the N x N block representation introduced in Eq. (5.94) these
matrices can be reorganised as

(5.102)

L Z | 147} Wi | 1+W
7= (o) = (L L),

Z 7 ), 7/=<a®a>:(WO W

where we used the properties Wy = WOT and W| = WlT which can be easily inferred from their
explicit forms (5.101). Exploiting the inverse change of basis (5.96) we finally find

¥ =M"aoMm @y =M""w (M")T, (5.103)

which allows an exact numerical calculation of populations, in the sense described above. Unfor-
tunately, this construction, which relies on the Heisenberg picture has the disadvantage of being
specific to the operator chosen; for example, for a quartic one it would be necessary to calculate
every possible entry of the average (d ® @ ® d@ ® d@), which denotes a 4-tensor of dimension (N /2)%.
On the other hand, once a specific tensor

() = <a®a®...®a> (5.104)
N—_———

m times

has been obtained, the corresponding dynamical expectation
Cp ot 11, 1) = (@), (1) @ (@), (1) @ ... @ @y, (1)) (5.105)
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can be in principle computed for any choice of the times by applying the formula

(MU MY, (5.106)

Ckl--~km (tl ?c tm) = (M% (tl )Mﬁl) kmk,,n kllk,/n

kik,

Here % (t) represents the evolution matrix of the diagonal operator 77, " and can be written as

W) =24, with &= ( IR ) (5.107)

and E the diagonal matrix 2E = diag {El,Ez, ...E y }, where {E;}, is the one-particle spectrum.

We emphasize that, for any fixed choice of the time coordinates, the only operation left is the con-
traction of the indices k. in Eq. (5.106), which just involves (N /2)" sums, and is thus of polynomial
complexity.

5.D.1 Williamson’s theorem

The Williamson’s theorem [128] states that a symmetric, positive-definite, 2n X 2n matrix J can
be always brought into diagonal form by a symplectic transformation and that the corresponding
spectrum is positive and doubly-degenerate. The proof is constructive and shows how to translate
the problem into a standard diagonalisation one; since the algorithm we have employed follows
its main steps, we will report it here. We start by recalling that a 2n x 2n matrix § is said to be
symplectic (S € Sp (2n,R)) if

SQST=0Q with Q=-QT= ( —?1 ]g‘ ) (5.108)
n

where 1, is the n X n identity. As we have mentioned at the beginning of App. 5.D, the Bogoliubov
rotation (5.94) defines in general a complex symplectic matrix, whereas the hypothesis here is that
it is real. In order to avoid this issue, we employ the unitary transformation

F=Ud, p=Uq, (5.109)
with
1 1, |1,
U_ﬁ<—i]ln i]ln)’ (5.110)

which represents (apart from a multiplicative factor) the usual transformation from ladder operators
ai, a,'c to “position” an “momentum’ ones

o= Gt p fa—a) (Fisecsrys Py, py)
k: ) k: ) — 17"'7 E? 17"'7 E’
V2 V2 2 2
: . (5.111)
LMy Tk RG] L
Pr = \/i y T = \/5 ) p_(pla"ﬂp%?nlw"uﬂ%)a
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obeying [rk, pq} = [pk, ﬂq] = i8,. The change of basis

1/ A+B+B*+A* |i(A-B+B*—A") Re(A+B) | Im(B—A)
J— T__ g
S=UMU _2<i

(B*+A*—A—B)| (A-B—B*+A") Im(A+B) | Re(A—B)
(5.112)

which maps p in 7 is now evidently real. To see that M is symplectic we simply apply the definition
(5.108) to its form (5.94), which yields

_(A|B 0 |1, \[AT|[B"\ _
waur = () (578 ) () -

B ABT—BAT | AA"-BB" \ [ 0 |1, _o
~\ —(aAT-BBNT | (aBT-BAT)" ) T\ -1, 0 )T

(5.113)

where for the second to last equality we have used the identities (5.93). This implies that the
matrix S preserves Q' = UQUT = iQ, which is tantamount to say that it is symplectic too. We now
proceed to show how this matrix can be determined. Using the canonical commutation relations,
we rewrite the Hamiltonian H’ in Eq. (5.32) as

H =d"1a— Y 8Bk, with J = _ﬁ m (5.114)
ki ,ko o B

where o and f3 are the n X n matrices defined by (5.24) with n = N/2 (we recall that we have
assumed N to be even). The corresponding form in coordinate space (r, p) is

J:UJ’U’f:(BBO‘BJ?a) (5.115)

Note that (8 — o), s, = Ok k, €k, » S0 that half of this matrix is diagonal and displays the unperturbed
eigenvalues & > |g — 1|, which makes it positive definite (if not at the critical point). The other
half is given by

A . .
(B+ )ik, = €k, Okiky +2N (1 — Og,k,) Sin (264, ) sin (26y,) (5.116)

and we can safely assume that, as long as g is kept far from g. = 1 and A is not too large, also this
part is positive definite and thus J satisfies all the requirements of the theorem. This implies that
both the inverse J~! and its “square root” J 2 exist and are symmetric, positive-definite matrices.
We now define K = J~2QJ ’%, which is skew-symmetric and invertible due to the properties of €2
(see Eq. (5.108)). Therefore, by the spectral theorem, there exist an orthogonal matrix R € O (2n,R)
which performs the block diagonalisation

0 |E!
T —
RTKR < <0 ) (5.117)
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where E~! is a positive-definite, diagonal n x n matrix (which, as we are going to show, coin-
cides with the one appearing in Eq. (5.107)). Its positivity is guaranteed by the fact that one can
always exchange a negative diagonal entry with its opposite lying in the opposite block —E~!
by exchanging the two vectors identified by the corresponding row and column via an orthogonal

transformation. Being positive-definite, its inverse square root E2 exists and we can use it to define
the diagonal 2n X 2n matrices

1
p—(E 0O and S=J IRD. (5.118)
0 |E}

The last one is exactly the symplectic transformation we were looking for; in fact,
STQS — (DRTJ—%> Q (J—%RD> — DRTKRD = Q. (5.119)

where we applied the definition in Eq. (5.117) and used the fact that the transposed of a symplectic
matrix is still symplectic, and

STJS = (DRTJ—%) J (J—%RD> — DRTRD = D?, (5.120)

where we used the fact that R is orthogonal, i.e., RT = R!. Thereby, we see that the Hamiltonian
H' in Eq. (5.114) is recast into the form

H' =pTD°p —tw{B} =pT (ﬂ%)ﬁ—lvfe (5.121)
0E 1 ’

which, applying the transformation U D?U to retrieve the representation in terms of particle cre-
ation and annihilation operators and calling {Eq / Z}q the spectrum of E, readily yields

. Elo\_. NI N-1p N-1
H/:nT( 2 E),]_qu: Y =L (nimgtngn) - X e (5.122)
q=1 g=1

q=1
odd odd odd

which corresponds to Eq. (5.34) withC =}, (Eq /2— sq).
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