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List of Figures

1.1

1.2

Figure adopted from Fig 1 of Ref. [1]. Classification of the range of inter-
action based on the additivity of energy. The total energy of the system,
Eiotal = Elett + Eright + Einter, 1s the sum of the energies of left and right par-
titions (Eje, and Eligny) and the energy corresponding to the inter-specific
interactions (Eiyer). For the short-range system as the energy correspond-
ing to the inter-specific interactions are negligible Ejior < Fiotal, the sys-
tem is additive Figal & ety + Erighe. While for long-range systems the
energy is non-additive Fiotal 7# Eiett + Fright- - - -« v v v v vvo oo

Figure adopted from Fig 2 of Ref. [1].A schematic plot of the spherical
region, of radius R, considered for the computation of energy per particle, €.
Here the particles interact via a power-law potential of the form V() = IFILI“
with a cutoff radius a. The energy can be computed by summing the
potential energy contributed by p(7)d%r particles located at position 7, for
all values of 7. This is formally described in Eq. (1.1). It is shown that

the energy per particle diverges with increasing volume V for k£ < d, and

remains finite for & >d. . . . . . .
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1.3

2.1

2.2

2.3

Figure taken from Ref. [78]. The figure shows the absorption image for the
anharmonically trapped Bose-Einstien condensate of Rubidium-87 (87Rb)
consisting of 2.5 x 10° atoms. In the experiment, the two clouds of atoms
were separated away from the center of the trap. These two clouds oscil-
late within the trap and meet twice every period. In the plot, note that
the progression of time is from right to left. Interestingly the clouds keep
oscillating for the large observation times akin to the balls of a Newton’s
cradle toy where the momentum gets transferred to the other ball upon
collision. This oscillatory behavior suggests that the system does not ther-

malize even after each atom has undergone several thousand collisions.

Schematic plot of the particles of the Riesz gas in 1d. The particles of
Riesz gas interact via all-to-all repulsive pair-wise potential of the form
Vij = Jsgn(k)|z; — z;|7% where z;; represents the position of the i/j-
th particle, the interaction strength J > 0 and sgn(k) ensures that the
particles repel each other. The external confinement U(z) is represented
by the dashed curve and the all-to-all nature of interactions is shown by

the double-arrow-headed solid arcs. . . . . . . . . . . . .. ... .. ...

Figure adopted from Fig. 1 of Ref [45]. Scaled average density of the
unconstrained gas pf.(y) in Eq. (2.18) vs. y for different values of k >
—2. The three rows correspond respectively to (i) k > 1 (third row), (ii)
—1 < k <1 (second row), and (iii) —2 < k£ < —1 (first row). In (i) the
density has a dome shape, in (ii) also has a dome shape, and in (iii) it has
a U-shape. At k = —1 and k& — +o00 the density is flat. The blue dashed

vertical lines indicate the edges of the support of the density profile.

The exponent k characterizes the range of pairwise repulsive interactions
between particles. For & > 1 the interaction is effectively short-ranged.
For —1 < k < 1, the interaction, though long-ranged, is effectively weak
and does not qualitatively change the shape of the density profile compared
to the short-ranged case. For —2 < k£ < —1, the particles are subjected to
strong long-range interactions, that change the shape of the density profile

drastically. . . . . . . . . .
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3.1

3.2

3.3

Scaled average density of the constrained gas p;(y,w) vs. y for different
values of k& > —2. The three rows correspond respectively to (i) & > 1
(third row), (ii) —1 < k& < 1 (second row), and (iii) —2 < k& < —1 (first
row). The blue dashed vertical lines indicate the edges of the support. In
the second and third rows, the right edge of the support coincides with
the scaled wall position w. In the third row, the density is a constant at
the wall while it diverges in the second row. In both the second and the
third row, the density vanishes at the left edge (for £ = 10 in the third
row, the true density at the left edge vanishes, though it is not clearly
visible due to the compression of the scale). In the first row, the density
has an extended bulk part, sandwiched between the two vertical dashed
lines and a delta peak at the wall w (shown by a thick solid vertical line).
In between, there is a hole devoid of particles (shaded cyan region) which

disappears for k = —1 (the third figure in the first row).. . . . . . . . ..

Regime 1 (k > 1): Comparison between MC simulations (symbols) and the
theoretical expression given in Eq. (3.24) (solid line) of the scaled density
profile of the Riesz gas in the presence of the hard wall at w = 1.0 for
k = 1.5. The parameters used in this plot are J = 1 and 7" = 1. The
dashed vertical line on the left marks the left edge —lx(w) (shown by an
arrow) of the density while the wall is located at w (shown also by an

AITOW). v v v e e e e e e e e e

Regime 1 (k > 1): Plot of the support size Li(w) = w+ I (w) = 2255?1 as a
function of w < [, obtained by solving Eq. (3.26) for my. Lj(w) decreases
monotonically with decreasing w, shown for two different values of k. As
w — —00, the support size decreases algebraically as Ly (w) ~ |w|~!/*+1),

The vertical dashed lines indicate the positions of the unconstrained right

edge [, for the two valuesof k. . . . . . . .. ... ... .. .. .....

x1

26

33



3.4

3.5

3.6

3.7

Regime 2 (—1 < k < 1): Comparison between MC simulations (symbols)
and the theoretical expression given in Eq. (3.38) (solid line) of the scaled
density profile of the Riesz gas in the presence of the hard wall at w = 1.0
for £ = 0.5. The parameters used in this plot are J =1 and T = 1. The
dashed vertical line on the left marks the left edge —{x(w) (shown by an
arrow) of the density while the wall is located at w (shown also by an

k—1)/2.

arrow). The density diverges at the wall as ~ (w — y)(

Regime 2 (=1 < k < 1): Plot of the support size Ly(w) = w + lp(w) =

27, w

o oey 8S @ function of w < [, obtained by solving Eq. (3.39) for

gr(w). Lg(w) decreases monotonically with decreasing w, shown for two
different values of k. As w — —o0, the support size decreases algebraically
as Ly(w) ~ |w|~Y/*+D_ The vertical dashed lines indicate the positions of

the unconstrained right edge [, for the two valuesof k. . . . . . . .. ..

Regime 3 (=2 < k < —1): Scaled density profile for w = 1 and k =
—1.5: Comparison between MC simulations (symbols) and the theoretical
expression (solid line) given in Eq. (3.40) with py(y, w) = pj(y, w) in Eq.
(3.56) and Dg(w) = Dj(w) in Eq. (3.54). The parameters used in this plot
are J = 1 and T' = 1000. The dashed vertical line on the left (right) marks
the left (right) edge —I(w) (Ix(w)) shown by an arrow. The cyan shaded
area is the hole region and the thick black line at y = w = 1.0 is the delta
function. Note that the theoretical expression has an integrable divergence
at the left edge as shown by the solid line. Since the numerical simulations
are for finite N, we do not see the divergence very clearly. However, the
value of the density at the left edge becomes larger as N increases, which

indicates divergence in the limit N —oco. . . . . . ... ...

Regime 3 (—2 < k < —1): Plot of the support size Li(w) = l(w) + lx(w)
in Eq. (3.59) (with g(w) determined from Eq. (3.57)). Lj(w) decreases
monotonically with decreasing w and vanishes at w = w.(k) given in Eq.
(3.61) and marked by the two vertical dashed lines on the left for k = —1.5
and k = —1.1. The unconstrained right edge [, for these two values of &,

are also marked by two vertical dashed lines on the right. . . . . . . . ..

xii

35

36

41



3.8

3.9

3.10

3.11

Regime 3: Simultaneous plots (i) of the amplitude Dj(w) of the delta
function, associated with the density p!(y,w) in Eq. (3.62) (dashed red
line) and (ii) of the order parameter M (w) defined in Eq. (3.67) (solid
green line), as a function of w for fixed &k = —1.5. We see that Dj(w)
increases with decreasing w and approaches to 1 as w — w.(k), while the
order parameter M (w) coincides with Dj(w) for w > w*(k) but jumps
to 1 at w = w*(k). This jump in My(w) at w = w*(k) demonstrates a

first-order phase transition.. . . . . . . .. ... ... L.

Plot of the energy &l(w) and &/f(w) = w?/2 vs. w for two different
values of k: for k = —1.5 (panel (a)) and & = —1.8 (panel (b)). The
values of w*(k) and w.(k) are marked by vertical dashed lines. In the
range w.(k) < w < w*(k) the energy &} (w) > &/ (w), showing that the

configuration with density pf(y,w) is metastable. . . . . ... ... ...

The optimal density is one of two different types pi(y,w) and pi(y,w)
defined respectively in Eqgs. (3.62) and (3.63). For w > w*(k), pi(y,w)
is the optimal density. For w.(k) < w < w*(k), the density pl(y,w)

becomes metastable, while p!(y, w) represents the true minimum. Finally,

for w < w.(k), the solutions pi(y,w) and pi(y,w) merge with each other.

Plot of the critical wall positions w.(k) and w*(k) as functions of k in
regime 3 —2 < k < —1. w.(k) (black solid line) is given by Eq. (3.61)
and w*(k) (blue dots) is found numerically from the crossover location
between the energies & (w) and &/ (w) as shown in Fig 3.9. We find that
we(k) < w*(k) for all =2 < k < —1 with w.(k) = w*(k) only for k = —1.
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3.12 In this figure we study the metastability of the extended profile in the

4.1

4.2

region w.(k) < w < w*(k) for k = —1.5. For this value of k, w.(k) =
—0.563 and w*(k) = —0.441. The figure is divided into three columns
corresponding to the three regimes (a) w = —0.6 < w.(k), (b) w.(k) <
w = —0.5 <w*(k) and (¢) w = —0.2 > w*(k). For each column, the insets
of the top row and the bottom row indicate two different initial conditions
(a delta peak and a flat density) while the main figures show the final
configuration after a large number of MC steps. In columns (a) and (c)
we see that the final configurations in the top row and in the bottom row
are qualitatively similar, indicating the irrelevance of the initial conditions.
In contrast, in column (b) the final configurations in the top and in the
bottom row corresponding to two different initial conditions seem to lead
to different final configurations, within the time scale of the simulation.
This dependence on the initial condition is a signature of metastability in

theregion (b). . . . . . . ..

Schematic plot of the observable x ., = max(xy, z3, 3.., xy ), the position
of the rightmost particle, where x; is the position of i-th particle. In this
chapter, We study the fluctuations of z,,, for the harmonically confined

Riesz gas with the energy function given in Eq. (2.1). . . .. ... .. ..

Schematic plot of the probability density function (PDF) of (a) the largest
eigenvalue in RMT (Dyson’s log-gas) and (b) the position of the rightmost
particle in the 1dOCP, along with the respective density profiles. The PDF
of the position of the edge particle in these cases is divided into three parts
— typical (black) in the central part and, left (red) and right (green) large
deviations. We show in this chapter that such representative pictures also

hold for the harmonically confined Riesz gas with —2 < k <oo. . . . ..
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4.3

4.4

4.5

Behavior of 7 [Eq. (4.20), disks] and the exponent a,(:) of the mean gap
at the edge [Eq. (4.22), squares]|, as a function of k is plotted here. The
exponent 7 for different values of k£ are obtained by fitting the data for
oy with N [See Fig. A.1 and A.2] obtained numerically (MC) for the
confined Riesz gas [Eq. (2.1)]. The exponent a,(:) is obtained similarly. We
notice that a,(f) obtained from numerics agrees with the one obtained from
the Lifshitz argument (dashed red line) given in Eq. (4.21). Green stars

represent the exponent 1 obtained by numerically inverting the Hessian

matrix [see Eq. (4.26) and Eq. (4.27)]. We also find the exponent n,ghMC)
[See Fig. A.2 and A.2| from the MC simulations of the Hessian hamiltonian
[Eq. (4.24)]. It is interesting to note that the value of the exponent ex-
tracted from the three different approaches is in excellent agreement with
each other (n; = n,(chess) = n,(chMC)). The solid blue line represents the con-
jecture for n; for —2 < k < 0 given in Eq. (4.30) (where the superscript
“c” indicates our conjecture). The agreement between this conjecture and

the MC simulation results is excellent. The parameters used in these sim-

wationsare T'=1and J=1. . . . . . . . . ..

Typical distribution of y., for various values of k. We notice excellent
data collapse, when we plotted oy, Pk(Ymax) Versus the scaling variable
(Ymax — (Ymax))/Oymax- Here the values of o, and (ymax) were extracted

from the data (therefore no fitting parameter was used). . . . .. .. ..

(a) Plot of the exponent e, , that governs the asymptotic behavior of the
left large deviation function given in Eq. (4.50) for & > 1, Eq. (4.60) for
—1 <k <1and Eq. (4.73) for =2 < k < —1. (b) Plot of the exponent
e; characterising the asymptotic behavior of the right LDF which is 1 for
k > 1, and is given in Eq. (4.61) for —1 < k < 1 and Eq. (4.74) for
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4.6

4.7

4.8

4.9

The schematic plot shows the distribution of y,,., which is centred around
Ymax = lue. The typical part of the distribution is represented in solid blue
color and is the region where |w — | < O(N""). These fluctuations
are quantified by oy, ~ O(N~), the standard deviation of Ymax. The
atypical part of the distribution is described by the left and the right LDF
®_(w, k) and @4 (w, k) represented by red and green solid lines, respec-
tively. We identify the length scales ¢; and /¢, where the typical distribution
starts having an exponential form described by the LDFs while still being

of O(NO). . .

A plot of the scaled average density in the presence of wall pj(y, w) versus
y for the three regimes (a) k > 1, (b) =1 <k <1l and (¢) -2 < k < —1.
The blue dashed vertical line indicates the left edge [—)(w)] of the support
and the black solid line represents the wall position w. In regime 1 the
density is constant at the wall while it diverges in regime 2. In both of
these regimes, the density vanishes at the left edge. In regime 3 the density
has two disjoint regions, an extended bulk part [—I(w) < y < lx(w)] and
a delta function at the wall position (shown by a thick solid vertical line).
They are separated by a hole region [Ix(w) < y < w] devoid of particles

(shaded cyan region). . . . . . . . ...

Regime 1 (k > 1): The numerical verification of the LDF &, (w, k) given
in Eq. (4.47) and Eq. (4.48), respectively in panels (a) and (b). The rare
events such that |ymax — luc| ~ O(1) are generated using the importance
sampling method [141,142] and the associated probabilities are computed
from which the large deviation functions are calculated numerically. The

parameters used in the simulations are J =1and f=1. . ... ... ..

Regime 2 (—1 < k < 1): The numerical verification of the LDF & (w, k)
given in Eq. (4.55) and Eq. (4.56), respectively in panels (a) and (b). The
probabilities of rare events such that |ymax — lue| ~ O(1) are computed
numerically from which the large deviation functions are extracted. The

parameters used in the simulations are J =1and g =1. . ... ... ..
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4.10 Regime 3 (—2 < k < —1): The numerical verification of the LDF & (w, k)

5.1

5.2

given in Eq. (4.69) and Eq. (4.71), respectively in panels (a) and (b). The
probabilities of rare events such that |ymax — lue| ~ O(1) are computed
from which the large deviation functions are calculated numerically. In
the simulation, we use the parameters J = 1 and 3 = 1073, It is easy to
show that our field theory calculation remains valid at this temperature

since it satisfies the condition BL% >1.. . . . . ... .. ... ... ...

Schematic representation of the domain [—W, W] (shaded region) studied
in this chapter. The blue dots are the positions of the particles. The
number of particles in the region [—W, W] is defined as (W, N). The

black solid line is indicative of the harmonic confinement. . . . . . . . . .

Phase diagram in the (w,c) plane showing three different regimes: (I)
low, (II) moderate and (III) high fraction of particles in the box [—W, W],
where the saddle point density profiles given in Eq. (5.21) exhibit distinctly
different shapes (see inset). The critical fraction line ¢ = ¢(w) [Eq. (5.23)]
separates the phases (I) and (II). Below this fraction, we observe a disjoint
density profile in the phase (I) and above this concentration the two disjoint
parts join and we observe a density profile as shown in the inset of the
regime (II). Around this line, the LDF behaves non-analytically which
leads to a third-order phase transition [see Appendix. A.5]. On the other
hand, the crossover line ¢ = ¢*(w) [Eq. (5.2)] separates the phases (II)
and (III) and the LDF shows analytic behavior around it [see Eq. (5.33)].
This plot is generated for k = 1.25, however, such a plot is expected to be

qualitatively the same for all £ > 1. Note that the x-axis is in the units of
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5.3

5.4

5.9

Plots of the equilibrium density profiles for different fractions of particles
¢ confined inside the box [—w,w] with w = 0.75, k = 1.5 and J = 1. The
boundaries of the box at y = +w are shown by the blue vertical dashed
lines. We consider three values of ¢, (a) 0.08 (b) 0.4 and (c) 0.8 which
are representative of the three regimes: (I) ¢ < é(w), (II) ¢(w) < ¢ <
c*(w) and (IIT) ¢*(w) < ¢, respectively, where ¢*(w) is given in Eq. (5.3)
and ¢(w) is given in Eq. (5.23). For w = 0.75 and k£ = 1.5 one finds
that é¢(w) = 0.136 and ¢*(w) = 0.552. The symbols in all the plots are
obtained using MC simulation for N = 256 and N = 512 whereas the
solid lines represent the theoretical results given Eq. (5.21). The dotted
line in each plot represents the density profiles py(y) [see Eq. (2.18)] in the
unconstrained case i.e., without any wall, from which one can compute the
fraction ¢*(w) of particles within the region [—w,w]. Here we have taken

an average of over 10% samples for all the plots. . . . . . ... ... ...

The plot displays the large deviation function ®(c, w), given in Eq. (5.30),
for k = 1.5 and J = 1. In (a) we show a plot of ®(c,w) as a function of
w for ¢ = 0.552 and in (b) we plot ®(c, w) as a function of ¢ for w = 0.75.
In both plots, we have demarcated three regions (I, IT and III) based on
the three types of saddle point density profiles (as shown in Fig. 5.3) that
create the large deviations in those three different regions. Schematic plots

of such density profiles are provided in the insets. . . . . ... ... ...

Numerical verification of the mean and variance of the number distribution
problem. The plot displays the W dependence of (a) the mean fraction of
particles and (b) the scaled variance of the number of particles in the box
[—W, W] for N = 128,256,512 with parameters k = 1.5, T = 10 and J = 1.
The vertical blue dashed line represents the box with W = [, N*. The
symbols indicate the results obtained from the Monte Carlo simulations
and they are compared with our theoretical predictions (solid lines) given

by Egs. (5.2) and (5.34) for the mean and the variance, respectively.
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5.6

6.1

6.2

6.3

The plot displays the derivatives of the LDF ®(c,w) [Eq. (5.30)]. Specif-
ically, it shows the first (red dashed line), second (green dotted line) and
third (blue dash-dotted line) derivatives: (a) w.r.t. ¢ for w = 0.75 and (b)
w.r.t. w for ¢ = 0.552. Notably, we observe a pronounced discontinuity in
the third derivative of ®(c,w) in (a) at ¢ = ¢(w) [see Eq. (5.23)] and in
(b) at w = w(c) = l,c**, establishing the presence of third order phase

transitions. . . . . . .. .

A schematic representation for partitioning the system into N, subsystems,
each of size A. Here s = 1,2,..., N, denotes the subsystem index. Note
that the particles are represented by orange circles. In the s subsystem
there are n, particles. The double arrow indicates the extent of each sub-
system. While analyzing each subsystem we take large-ng and then for the

complete system, we finally take the small-A limit. . . . ... ... ...

Comparison of scaled equilibrium density profiles pg(y, ¢), obtained from
Monte-Carlo simulations with field theory [Eq. (6.30)] denoted by ‘FT’, for
the HR model with [(a)-(c)] harmonic trap (6 = 2) and [(d)-(f)] quartic
trap (6 = 4). We show Monte-Carlo data for three values of ¢: ¢ = 0.1,
¢ = 1.0 and ¢ = 10.0, for N = 32,64, 128. Here the scaled variables are
related to the unscaled variables as y = /N and ¢ = T/N? as given in

Eq. (6.28). . o o

A comparison of the asymptotic densities up to the third iteration (see
Appendix. A.9.1) with the densities obtained from the numerical solution
of Eq. (6.30), denoted by ‘FT’, at low temperature ¢ = 0.01 for the HR
model in [(a)-(c)] harmonic trap (6 = 2) and [(d)-(f)] quartic trap (§ = 4)
shows the densities for hard rods confined to harmonic trap (§ = 2). Here
[(a), ()] show the bulk (Jy] < y.—O(c)), [(b).(e)] edge (ly—p.l S O(c)) and
[(c),(f)] tail (Jy] > y. + O(c)) regions. The vertical dotted line represents
the position y = y. given in Eq. (6.35) and this determines these three

TEZIONS. . . . . . o e e
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6.4

6.5

6.6

6.7

6.8

Chemical potential, ug(c), for the HR model obtained using Eq. (6.30) and
Eq. (6.31), plotted as a function of the rescaled temperature ¢ for harmonic
trap with 6 = 2 (blue) and quartic trap with § = 4 (red). At large values

of ¢ the chemical potential is negative and diverges. . . . . . . . ... ..

120

Comparison of the asymptotic densities up to third order (see Appendix. A.9.1)

with the numerical solution of Eq. (6.30), denoted by ‘FT’, at high tem-
perature ¢ = 10.0 for the HR model confined to (a) harmonic trap (§ = 2)
and (b) quartic trap ( =4). . . . . . . ..o

Comparison of scaled equilibrium density profiles pc(y, ¢), obtained from
Monte-Carlo simulations with field theory [Eq. (6.45)], denoted by ‘F'T”,
for the HC model with [(a)-(c)] harmonic trap (§ = 2) and [(d)-(f)] quartic
trap (0 = 4). We show MC data for three values of ¢: ¢ = 0.1, ¢ = 1.0 and
c = 10.0, for N = 32,64, 128. Here the scaled variables are related to the
unscaled variables as y = x/N®¢ and ¢ = T/N7¢, where a¢ and 7¢ are

given in Eq. (6.44). . . . . . .

Chemical potential pc(c) for HC model, computed by using Eq. (6.45)
along with the normalization condition Eq. (6.46), plotted as a function
of the rescaled temperature ¢ for harmonic trap with 6 = 2 (blue) and
quartic trap with § = 4 (red). At large values of ¢ the chemical potential

is negative and diverges. . . . . . . .. ... Lo
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A comparison of the asymptotic densities up to third order (see Appendix. A.9.2)

with the densities obtained from the numerical solution of Eq. (6.45), de-
noted by ‘FT’, at low temperature ¢ = 0.01 for the HC model. Here we
show the densities for HC model confined to [(a)-(c)] harmonic trap (§ = 2)
and [(d)-(f)] quartic trap (6 = 4). Here [(a),(d)] show the bulk (|y| < v.),
[(b),(e)] edge (ly — y.| < O(c)) and [(c),(f)] tail (Jy| > y.) regions. The
dotted vertical line represents the position y = y. which determines the
three regions. In (c¢) and (f), as y = y. falls outside of the domain of the

x-axis, for the sake of presentation, we do not show the dotted line.
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6.9

7.1

7.2

7.3

Comparison of the asymptotic densities up to third order (see Appendix. A.9.2)

with the numerical solution of Eq. (6.45), denoted by ‘FT’, at high tem-
perature ¢ = 10.0 for the HC model confined to (a) harmonic trap (6 = 2)
and (b) quartic trap (6 =4). . . . . . . .

Plots of (a) time-dependent Lyapunov exponent A(t), and (b) Poincaré
section for N = 3 rods in the harmonic trap for 10 and 6 different initial
conditions, respectively, with £ = 6 and E., = 0. Figures (c,d) show
plots of A(¢) and the Poincaré section for N = 2 rods in the quartic po-
tential for 5 and 2 initial conditions, respectively, with energy F = 3.2.
To compute A(t), we used linearized dynamics for (a) and two trajectories
with € = 1071% for (c). The log ¢/t behavior in (a) and the regular sections
in (b) are consistent with the integrability of N = 3 rods in the harmonic
trap. Interestingly, figure (c) reveals the existence of both chaotic and non-

chaotic trajectories for the quartic case. This is also reflected in (d) where
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we observe two types of patterns, namely scattered (black) and regular (red).137

Time evolution of A(¢) and ¢, () for N = 4, starting from 40 different initial
conditions (each color denotes one initial condition) generated using the
SMED protocol, for (a,c,e) e = 0.5 and (b,d,f) e = 5.0. This shows the
strong dependence on initial conditions of the late-time values of A(¢) and
¢1(t) for N = 4 hard rods in a harmonic trap. In (e) and (f) we show the
evolution of the time-averaged values of ¢; = T;/N? of N = 4 hard-rods
for e = 0.5 and e = 5.0 respectively, for one realization. In the long time
limit, ¢; and ¢4 are equal but have a value that is significantly different
from ¢y and c3, indicating a lack of energy equipartition. . . . . .. . ..
(a,b,c,d) Distribution of the maximal Lyapunov exponent A and rescaled
temperature ¢; of the left-most rod, for 4 < N < 32, computed at time t =
10°. The system sizes corresponding to different plots are provided in sub-
plot (c). We find a significant breakdown of ergodicity for hard rods in this
harmonic trap. (e,f) Distribution of A for N = 8 at different times, 10® <
t < 105, which shows that P(), ) approaches a steady limiting distribution
at late times. The initial conditions for all the plots are generated using

the SMED: (a,c,e) for e = 0.5 and (b,d,f) fore=5.0. . . ... ... ...
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7.4

7.5

7.6

7.7

Probability distribution of (a) maximum Lyapunov exponents A and (b)
c; for N = 4 rods in a quartic trap. We observe that both distributions
collapse at different times after shifting by their respective means and
scaling by v/t. This indicates that the width of these two distributions
decreases with time and becomes increasingly sharp, in contrast to our
findings for the harmonic trap depicted in Fig. 7.3. In the insets, we show
the time evolution of A and ¢; for 20 different realizations (each color
denotes one initial condition), all of which converge to a unique value at

late times, regardless of the initial conditions. . . . . .. .. .. ... ..

Plot of average maximal Lyapunov exponent ({\)) with rescaled energy e
for (a) harmonic and (b) quartic trap. The average number of collisions per
unit time (n.on) as a function of total energy e for N = 8 for (¢) harmonic

trap and (d) quartic trap. . . . . . ...

(a) Density profiles p(x) and (b) velocity distributions P(v) in the har-
monic trap, with e = 0.5 and N = 128, that appear at different times
within one time-cycle of the trap, 0 < t < 7 = 27w, These profiles are
obtained starting at ¢t = 0 from a two-blob density profile and Gaussian
velocity distribution (i.e. Nec-Mx) of the hard rods. For all the figures
in (a) and (b), the abscissa runs from —400 to 400. For (a) and (b), the
ordinate scale ranges are 0 — 0.007 and 0 — 0.01 respectively. As can be
observed, the hard-rod system in a harmonic trap has an initial ‘breathing-
mode’ dynamics and exhibits oscillations in the distributions, somewhat
resembling Newton’s cradle. For our parameters, these oscillations damp

out in O(20) cycles. . . . . ..

Time evolution of density and velocity profiles: (a,c) for e = 0.5 and (b,d)
e = 5.0 for N = 128 hard rods in a harmonic trap, starting from Newton’s
cradle initial condition (i.e. two spatially separated blobs of rods) with
Maxwellian velocities (Ne-Mx, in the notation of Sec. 7.3). The times
simulated are indicated by the legend in (b). These plots illustrate that
at late times (t = 10%7) the density profiles and velocity distributions
obtained from EDMD converge to forms that differ from those obtained
from SMED. . . . . . ..
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7.8

7.9

7.10

In this figure, we investigate the initial condition dependence of the late
time (¢ = 10*7) distributions obtained from EDMD of hard rods in a har-
monic potential. These are compared with thermal predictions obtained
from SMED. We compare the density and velocity profiles of 128 rods at
two energies (and : (a-c) e = 0.5 and (b-d) e = 5.0. We use four different
initial conditions: (i) uniform density and uniform velocity distribution
(blue dashed line), (ii) uniform density and Gaussian velocity distribution
(red dotted line), (iii) Newton’s cradle density and uniform velocity distri-
bution (yellow dashed-dotted line), and (iv) Newton’s cradle density and
Gaussian velocity distribution (magenta dashed-double-dotted line). We
find that neither the density profile nor the velocity distribution agrees
between EDMD and SMED (black solid line), even at long times ¢ = 10%7.
We also observe that late-time density profiles depend on the choice of

initial condition for both temperatures. . . . . . . . . ... ... ... ..

Time evolution of (a-c) MD density and (b-d) velocity distribution for hard
rods in a quartic trap, starting from (a-b) Ne-Mx and (c-d) U-MX initial
condition, compared with Monte-Carlo profiles for N = 16 and e = 0.10.
In this case, the MD profile converges to the Monte Carlo (MC) result
appreciably fast, and the velocity distribution approaches a Gaussian at

late times, as expected for a non-integrable system. . . . . ... ... ..

Time evolution of the distance measure, Dy [defined in Eq. (7.12)], be-
tween p(x) and psyep(z) for e = 0.5 and e = 5.0 in a harmonic trap. For
both EDMD and SMED, the system is initially prepared in the Nc-Mx
initial condition. The oscillations at small times are consistent with the
oscillations observed in Fig. 7.6. The saturation of Dy to non-zero values

at large times indicates a lack of thermalization to a Gibbs state.
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Al

A2

A3

A4

A5

Plots of the logarithm of the variance of the position of the rightmost par-
ticle obtained using the MC simulations of the confined Riesz gas Hamilto-
nian [Eq. (2.1)] versus the logarithm (base-2) of system size N (disks) for
(a) k=—15, (b) k= —1.25, (¢) k = —0.75, (d) k = —0.5, (e) k = —0.25,
(f) k=0, (g) k=0.25, (h) k = 0.5, () k = 0.75, (j) k = 1.0, (1) k = 1.25,
(n) k= 1.5, (m) k=175, (n) k = 2.25, (0) k = 2.5. Here we use a linear
fit (solid lines) of the data to extract the slope —2m. . . . . . . . .. ..

Plots of the logarithm of the variance of the position of the rightmost
particle obtained using the MC simulations for the Hessian Hamiltonian
[Eq. (4.24)] versus the logarithm (base-2) of system size N (disks) for (a)
k=—15,(b) k=—1.25, (c) k= —0.75, (d) k = —0.5, () k = —0.25, (f)
kE—0,(g) k=0.25,(h) k=0.5, (1) k=0.75, (j) k= 1.0, (1) k = 1.25, (n)
k=15, (m) k=175, (n) k =2.25, (0) k = 2.5. Here we use a linear fit

(solid lines) of the data to extract the slope —2n,(€hMC) ............

Regime 2 (—1 < k < 1): For k = 0.5, the plot of chemical potential
as a function of the wall position, computed from numerical integration
(circles) of Eq. (A.38) for z = 0. This evaluation is compared with the
simplified expression given in Eq. (A.45) (solid lines). The parameter used

for the computationsis J=1. . . . . . . ... ... ... ... .. ...,

Regime 3 (=2 < k < —1): For k = —1.5, the plot of chemical potential
as a function of wall position, computed from numerical integration (cir-

cle) given in Eq. (4.62) and the simplified expression (solid lines) given in

Eq. (A.62). Here we considered J =1. . . . .. ... ... ... .....

(a) We join the Pj(ymax )e?¥m for different values of # by multiplying them
by the appropriate normalization constant considering there is a small
overlap in the argument of the distribution for two successive values of 6.
(b) This stitching procedure gives the distribution of ¢, in the unbiased

problem for rare fluctuations. . . . . . .. ... ... oL L.
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A.6 In (a) we plot the scaling function of the thermodynamic pressure [Eq. (A.91)],
P(w), as depicted by the dashed line and the scaled average mechanical

2(k+1)

pressure [Eq. (A.92)], Py (wN®, N)/N #+2 | asindicated by symbols. The

average in Eq. (A.92) is computed using the MC simulations. In plot (b),
the scaling function of the bulk modulus [Eq. (A.100)], K(w), as depicted
by the dashed line is compared with K,,,/N [Eq. (A.94)] where m = ¢*(w)N
and is shown by symbols. In Eq. (A.94), the variance of the position of
the m'™ particle is computed using the MC simulations. We use k = 1.5,
T =1, and J = 1 for performing the MC simulations of the unconstrained
gas consisting of N = 128,256 and 512 particles and the averages are

computed using 10% samples. . . . . . .. ...
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Abstract

In this thesis, we investigate the equilibrium and non-equilibrium properties of strongly
interacting confined systems. We first study the classical 1d Riesz gas model consisting
of N particles and confined to an external harmonic potential. These particles interact
pair-wise via the repulsive power-law potential of the form: V (r) ~ Jsgn(k)r=* where r
represents the interparticle distance and the exponent k ranges from —2 to co. The Riesz
gas is an all-to-all interacting model and by tuning the exponent k, we can modify the
interactions from short-range (when k£ > 1) to long-range (when —2 < k < 1).

We consider the Riesz gas in Gibbs equilibrium at 7" ~ O(1). Initially, we introduce
some of the equilibrium properties of the Riesz gas. We use these properties to analyze
the behavior of the typical and the atypical fluctuations of different observables in the
large- N limit. First, we obtain the large-deviation form for the distribution of the position
of the rightmost particle. We also analyze the distribution of the number of particles in
a symmetric interval around the origin. This analysis involves the computation of the
density profiles in the presence of barriers, which we study in detail.

Next, we focus on the Riesz gas with exponent & — oo, this model is equivalent
to a system of hard rods of unit length. The hard-rods system is integrable in the
absence of external confinement. However, the presence of external confinement breaks
the integrability. In the second part of this thesis, we study the density profile of the
hard rods when confined to external harmonic and quartic traps at high temperatures.
Furthermore, we investigate the chaos, and ergodicity of the trapped hard rod system, to

understand its thermalization properties.






Chapter 1

Introduction

Statistical physics has emerged as a powerful tool for investigating many-particle interact-
ing systems. These systems are important for understanding many natural phenomena,
like how magnets work, why water freezes, how stars collapse, and even how living things
function. To understand them, we generally model, the systems such that particles have
certain interactions with each other. These interactions can be mainly categorized into
two types: short-range (SR) and long-range (LR) interactions. This classification is based
on the additivity of energy, which states that the total energy of a combined system is
equal to the sum of the energies of its subsystems. For instance, consider a system par-

titioned into two subsystems as shown in Fig. 1.1. The energy of the left and right

?
Etotal = Eleft + Eright

.: ‘ ° oo :°.: N ce ° ) ..::
el - .
Elety isht
e e ’o.. ° 00 o®° [ ) . o
* S . L e v .
: . .o .: . . :.. ° g e . . )

Figure 1.1: Figure adopted from Fig 1 of Ref. [1]. Classification of the range of interaction
based on the additivity of energy. The total energy of the system, Fiqtal = Eieft + Eright +
FEinter, 1s the sum of the energies of left and right partitions (Eer, and Eligne) and the energy
corresponding to the inter-specific interactions (Ejye,). For the short-range system as the
energy corresponding to the inter-specific interactions are negligible Fior < Fiotal, the
system is additive Eiotal & Flegt + Lright- While for long-range systems the energy is non-
additive Etotal 7é Eleft + Eright-

partitions, Elef and Eyigne, depends solely on the degrees of freedom (DOF) of the par-
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ticles in their respective partitions. In contrast, the total energy of the system depends
on the DOF of all particles and is given by Eiotal = Flet + Eright + Einter Which is the
sum of the energies of left and right partitions and the energy corresponding to the inter-
specific interactions (Ejy, ). Here the inter-specific interactions stand for the interaction
between the particles of different partitions. When the system’s energy is non-additive,
FEiotal # et + Ehignt, it is classified as long-range [1]. Conversely, when the energy is
additive, Fiotal = Elety + Eright, the system is short-ranged as the inter-specific energy is
very small, Fiyter/Eiotal < 1. For short-range systems, the additivity of energy implies
that the total energy is extensive, i.e. it is proportional to the number of particles or the
volume of the system. For example, doubling the number of particles or volume would
double the energy. Extensivity also implies that the energy per particle (¢) is finite and
independent of the system size. On the other hand, in long-range systems, the energy
per particle diverges with system size. This can be understood by considering a system
as shown in Fig. 1.2 with volume V' and density p of particles interacting via a power-law
potential of the form V() = J/r*, where r = || is the distance between the particles,
J is the strength of the interaction and k is the exponent of the power-law potential.

The energy per particle (¢) can be obtained by integrating the potential energy over the

Figure 1.2: Figure adopted from Fig 2 of Ref. [1].A schematic plot of the spherical region,
of radius R, considered for the computation of energy per particle, e. Here the particles
interact via a power-law potential of the form Vj(7) = Iﬂi’“ with a cutoff radius a. The

energy can be computed by summing the potential energy contributed by p(7)d%r particles
located at position 7, for all values of 7. This is formally described in Eq. (1.1). It is
shown that the energy per particle diverges with increasing volume V for k < d, and
remains finite for k > d.

volume of the system. For the system of radius R and a cutoff radius a for the interaction
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potential, the energy per particle is given by:

R O(V'=4) fork<d
€= / d'r Vi (P)p = —jpvli (R™F —a®") ~ ;l]/)VZ ( ) . (1.1)
@ (d=F) (d—k) oWV  fork>d

where V; is the volume of a d dimensional sphere with unit radius. In the thermodynamic

limit, the energy of the system is then given by

Jp O(VZd) fork<d

E=pVe= (1.2)

Jp O(V?1) for k > d

Here, we observe that the energy of the system grows super-extensively with volume for
k < d and is extensive for £ > d. In principle, by rescaling the interaction strength J
appropriately with system size, we can restore the extensivity of energy. For example,
the energy for a system with & < d can be made extensive if we scale the interaction
strength as J = Jovg_l. This procedure of rescaling interaction is called the Kac scaling
prescription [2]. While this restores extensivity it does not imply that the energy of the
system is additive. Consequently, the system with &£ < d is called the long-range system

and the system with &£ > d is called the short-range system.

The equilibrium properties of SR systems are well-established and extensively studied
using the principles of thermodynamics and statistical mechanics. However, the LR sys-
tems are less understood but have also garnered significant interest across various scien-
tific communities, including astrophysics [3-5], plasma physics [6], free electron lasers [7],
hydrodynamics [8,9] and cold atomic physics [10-13]. While the range of interaction pro-
vides some classification of systems the possibility of analytical solvability also classifies
systems as integrable and non-integrable. Integrable systems [14,15] are fine-tuned mod-
els that have an extensive number of conserved quantities. These models show different
properties compared to those of the non-integrable systems with only a few conserved
quantities. For example, an isolated non-integrable system with SR interactions, where
the energy is conserved, is typically expected to thermalize to the Gibbs ensemble. This
ensemble is determined only by the temperature of the system, a conjugate to the en-
ergy. In contrast, an isolated integrable system is expected to equilibrate to a statistical

state known as the Generalized Gibbs ensemble (GGE) [16]. The GGE differs from the
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Gibbs ensemble as it accounts for all the conserved quantities and correspondingly the
state is determined by an extensive number of chemical potentials, each conjugate to the
respective conserved quantities. While the integrable models and LR systems are areas
of active research, there remains much to be understood about their equilibrium and
non-equilibrium properties. In this thesis, we investigate how the equilibrium property
of a given LR system in thermal equilibrium (Gibss state) differs from those of the SR
system. Next, we investigate if and how an integrable system thermalizes when confined

to integrability-breaking traps.

A natural platform to study macroscopic properties of the LR and SR systems is
the family of one-dimensional (1d) Riesz gas [17]. It is a classical system of particles
interacting via the repulsive potential, of the form sgn(k)r~* which varies with the
interparticle distance (r) as a power-law with an exponent k. By changing the exponent
k, we can modify the nature of the interactions from SR when k£ > 1 to LR when k£ < 1.
This effectively allows us to systematically study the role of LR and SR interactions. For
the Riesz gas, some values of k are well studied such as Dyson’s log-gas [18-25] (k — 0)
which is the 2d Coulomb gas and the Calogero-Moser system [15,26,27] (k = 2) which is
an integrable model. Other special values include £k = —1 and k£ — oo which are known as
the 1d one-component plasma (1dOCP) [28-32] and the hard rods gas [33], respectively.
Dyson’s log-gas (k — 0) and 1dOCP (k = —1) are LR systems that have been studied
theoretically extensively. For example, the edge particle statistics [22,23,25,31,32], linear
statistics [34, 35], truncated linear statisitics [36, 37], full counting stastics [31, 32, 38—
42], Gap distribution [42,43] and equilibrium correlations [19,44] have been computed.
Furthermore, the theoretical study of Riesz gas for general k& has attracted significant
interest not only from the physics communities [45-49] but also is an active area of

research in mathematics [50-54].

In experiments of ultra-cold atoms, the particles can now be engineered to have specific
interactions [11-13]. For example, using a strong electromagnetic field, a dipole-dipole-
like interaction gets induced between the atoms of Strontium-84 (3Sr). These interactions
can be effectively modelled as a long-range power-law potential with exponent k& ~ —1
[12]. Quantum simulators have been developed [55] which are a type of quantum computer
where the interaction between the qubits can be controlled. In such simulators, the laser-

driven interactions can be tuned, and the system can be well described by an interacting
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spin system where the coupling strength between spins is a power-law with an exponent
that can be adjusted between k£ = 0.0 to 3.0. Moreover, recent experimental techniques
have made it possible to probe physics at a microscopic scale as demonstrated in cold
atoms [56-58] and ions [13]. Given the experimental feasibility of studying the 1d systems
with power-law interaction and the versatility of Riesz gas, it is a natural model to
theoretically study the equilibrium and non-equilibrium properties of LR and SR systems.
One of the aims of this thesis is to study some of the equilibrium properties of the Riesz
gas for general k. In particular, we focus on local observables like the position of the
rightmost particle [59] and the global observables like the average thermal density profile
in the presence of barriers [60], the full counting statistics of the number of particles in
a symmetric domain [—W, W] and the index distribution for the semi-infinite domain
(—oo, W] [61]. In the above mentioned studies, we consider Riesz gas in equilibrium
at T ~ O(1). At higher temperatures the properties of these system for general k are
not well understood. Consequently, we further study the average density profile at all
temperatures for a special case of k& — oo of the Riesz gas known as the hard rod gas.
This average density profile can be used to benchmark the thermalization behaviour of

hard rods confined to external trap.

To study the equilibrium properties of an isolated system, we generally expect that
all the microscopic configurations with fixed energy are equally probable [62-64]. This is
based on the assumption of ergodicity and molecular chaos. While ergodicity implies that
the time average of any observable is equal to its ensemble average, chaos in a system
quantifies or indicates the loss of information about the initial conditions. Similarly, when
the SR system is in contact with the environment, where only energy exchange is allowed,
it is expected that the probability of any microscopic configuration is given by the Gibbs-
Boltzmann distribution [62-64]. However, a natural question arises: what properties
should a system possess such that it reaches a Gibbs state or other equilibrated states?
Are chaos and ergodicity really necessary? These questions have puzzled physicists for
a long time, and the well-known attempt to answer them was the famous Fermi-Pasta-

Ulam-Tsingou (FPUT) problem [65].

In the FPUT problem, the particles interact via non-linear springs with small non-
linearity and evolve based on Newton’s equations of motion. Starting from a specific

class of initial configurations they found that the system at long times did not reach
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equilibrium. To understand this behavior many mechanisms have been proposed [66-73].
One of the main reasons could be its proximity to an integrable model as it can be
described by a perturbation of an integrable model [74-77]. More recently, in the first-
of-its-kind experiment, an anharmonically trapped Bose-Einstein condensate of ultra-
cold Rubidium atoms was investigated [78]. This gas can be modeled up to a good
approximation [79] by the well-known Lieb-Lininger model, where the identical Bosons
have contact repulsion formally expressed by a delta function interaction. The Lieb-
Liniger gas is an integrable model when it is not trapped. However, the trap breaks its
integrability. In the experiment, Newton’s-cradle-like oscillatory dynamics was observed

as shown in Fig. 1.3. To understand this peculiar oscillatory dynamics, the theory of
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Figure 1.3: Figure taken from Ref. [78]. The figure shows the absorption image for the
anharmonically trapped Bose-Einstien condensate of Rubidium-87 (3’Rb) consisting of
2.5 x 10° atoms. In the experiment, the two clouds of atoms were separated away from
the center of the trap. These two clouds oscillate within the trap and meet twice every
period. In the plot, note that the progression of time is from right to left. Interestingly
the clouds keep oscillating for the large observation times akin to the balls of a Newton’s
cradle toy where the momentum gets transferred to the other ball upon collision. This
oscillatory behavior suggests that the system does not thermalize even after each atom
has undergone several thousand collisions.

generalized hydrodynamics (GHD) [80,81] was used. The GHD equation at Euler’s scale
are useful to describe the hydrodynamic evolution of conserved quantities for integrable
systems. A key assumption to obtain the hydrodynamic evolution is the notion of local
equilibrium [82]. While the presence of an external trap breaks integrability, the local
dynamics remain similar to those of a homogeneous evolution governed by an integrable
Hamiltonian. Consequently, the approximation of local GGE stays valid under time

evolution. As a result, a modified GHD was proposed [83] which incorporates the effects
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of external trapping in the form of an additional force-like term. This is similar to the
case of conventional hydrodynamics like the Navier-Stokes equation where a force term
is used to represent the effect of the external field even though the momentum is no
longer a conserved quantity. This modified GHD proved to be effective in modeling
such short-time oscillatory dynamics [84-86]. However, the fate of these systems at long
times remains inconclusive. In the experiment, it was found that the system did not
thermalize even after each atom had undergone several thousand collisions. This is in
contrast to generic ultra-cold atomic gases where only a few collisions typically lead to

thermalization [87].

To theoretically understand the long-time behavior of integrability-broken systems,
a classical model of hard rods confined to a harmonic trap in 1d was investigated in
Ref. [84]. The hard rod system in 1d is an integrable model where the rods undergo
elastic collisions and they only exchange momenta. Consequently, the momenta of all
the particles only get permuted under the dynamics and are conserved, which suggests
the model is integrable. When these hard rods are confined to an external harmonic po-
tential, integrability is broken. The time evolution of the confined rods was numerically
studied in Ref. [84] using molecular dynamics simulation. It was observed that the system
is chaotic but did not thermalize to the Gibbs state at the longest accessible simulation
times (around 10,000 periods of trapping potential), instead reaches a non-Gibbsian sta-
tionary state. It was also shown [84], that this non-thermal state is well described by
the modified GHD at Euler scale (no dissipation). It is important to note that the Euler
GHD does not lead to the entropy production expected of systems that are equilibrating
and hence an appropriate diffusive correction needs to be incorporated [88]. Interestingly,
it was proposed that the diffusive correction in the modified GHD could thermalize the
system [86]. However, this proposal starkly contrasts the observation of the non-thermal
steady state at long times for the harmonically confined hard rods studied in Ref. [84].
This raises a natural question: even if the system goes to a thermal state, due to diffu-
sive correction to the modified GHD, why is the time scale so long i.e. longer than the
numerically accessed times in Ref. [84]7 It is important to recognize that the modified
GHD is a phenomenological theory and the true evolution of these systems could be very
different, governed by the microscopic dynamics of positions and momenta of the parti-

cles. Therefore, studying the microscopic dynamics of the hard rods in the presence of



the external trap is crucial, which we undertake in the later part of the thesis. Moreover,
several fundamental questions concerning the thermalization of trapped integrable parti-
cles remain unresolved, including whether or not these systems are truly ergodic, whether
they can support additional microscopic conservation laws, and how far these properties
coexist with chaos. In the second part of this thesis, we aim to address some of these
questions using molecular dynamics simulations in the context of 1d hard rods confined

to harmonic and quartic traps.

1.1 Overview of the thesis

This thesis is structured as follows. In Chapter 2, we define the Riesz gas in 1d and
summarize the well-known equilibrium properties of the Riesz gas. Chapters 3, 4, 5, 6
and 7 are based on five different articles provided at the end of each chapter. In Chapter
8, we provide a conclusion.

In Chapter 3, we study the density profiles of the constrained Riesz gas at T' ~ O(1).
Using the saddle point method, we compute the equilibrium density profile of the particles
in the presence of a hard wall such that all the particles are always to the left of the wall.
We find that the density profiles show three different behaviors depending on the exponent
k. Furthermore, by analyzing the behavior of the density profiles as the position w of the
hard wall is changed, we find that the system undergoes a first-order phase transition for
all ks with value —2 < k < —1.

In Chapter 4, we focus on the probability distribution of the position of the rightmost
particle. Using the Coulomb gas method we compute the distribution of the atypical
fluctuations. The atypical fluctuations have a large deviation form with appropriate
large-deviation functions which we analytically compute and verify using numerical sim-
ulations. By studying the asymptotic behavior of the large-deviation functions, we find
that the system undergoes a pulled to pushed third-order phase transition for all & > —2.
Furthermore, we numerically study the distribution of the typical fluctuations which
shows non-Gaussian behavior different from the Tracy-Widom distribution that appears
in Random matrix theory or Dyson’s Log-gas [89,90]. Using the asymptotic behavior of
the large deviation function we conjecture the system size dependence of the variance of

the position of the rightmost particle. It works well for k values —2 < k < 0.
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In Chapter 5, we investigate the full counting statistics (FCS) of a harmonically con-
fined 1d short-range Riesz gas. We examine the probability distribution of the number
of particles in a finite domain [—W, W] called number distribution. Using the Coulomb
gas method, we find that the probability distribution possesses a large deviation form
and the large deviation function depends on the the fraction ¢ of the particles inside the
domain and W. We show that the density profiles that create the large deviations display
interesting shape transitions as one varies ¢ and W. This is manifested by a third-order
phase transition exhibited by the large deviation function that has discontinuous third
derivatives. Monte Carlo (MC) simulations show good agreement with our analytical ex-
pressions for the corresponding density profiles. By analyzing the large deviation function
around its minimum we find that the typical fluctuations are Gaussian distributed and
we compute its variance. Additionally, we adapt our formalism to study the index distri-
bution (where the domain is semi-infinite (—oo, W]), thermodynamic pressure, and bulk
modulus. In the previous three chapters, we focused on the low-temperature or 7' ~ O(1)
properties of the Riesz gas when the entropy was subdominant. One naturally wonders
about their high-temperature properties when the entropy is of a similar magnitude as
the energy. In the next chapter 6, we investigate this regime for the hard rods which is
k — oo of the Riesz gas.

In Chapter 6, we focus on the equilibrium density profile of the one-dimensional
classical integrable models, namely the hard rods placed in confining potentials at very
high temperatures. Using a field-theoretic technique, we compute the density profile and
their scaling with system size and temperature. We further compare the average density
profiles with results from Monte-Carlo simulations and find good agreement between the
field theory and simulations.

In chapter 7, we move away from equilibrium and study the equilibration properties
of the hard rods. We investigate ergodicity, chaos, and thermalization for the hard rods
confined to an external (harmonic or quartic) trap, which breaks integrability. We find
that harmonically trapped hard rods are highly non-ergodic and do not resemble a Gibbs
state even at extremely long times, despite compelling evidence of chaos for four or more
rods. On the other hand, our numerical results reveal that hard rods in a quartic trap
exhibit both chaos and thermalization and eventually equilibrate to a Gibbs state as

expected for a nonintegrable many-body system.
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Chapter 2

Riesz gas in one-dimension

In this chapter, we introduce the classical Riesz gas [17] in one dimension (1d), a central
theme of this thesis, and discuss the equilibrium properties originally derived in Ref. [45]
which are important for our work. The Riesz gas is composed of N particles confined to an
external trap and interacting via repulsive pair-wise potential which varies with distance

as a power-law. When these particles are confined to harmonic trap U(z) = z%/2, the
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Figure 2.1: Schematic plot of the particles of the Riesz gas in 1d. The particles of Riesz
gas interact via all-to-all repulsive pair-wise potential of the form V;; = Jsgn(k)|z; —z;|*
where x;/; represents the position of the i/j-th particle, the interaction strength J > 0
and sgn(k) ensures that the particles repel each other. The external confinement U(x) is
represented by the dashed curve and the all-to-all nature of interactions is shown by the
double-arrow-headed solid arcs.
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energy function of the system is given by

- ~a? Tsen(k) xm v k
i=1 i=1 j=1
J#

where {x;} denotes the positions of the particles on a line and the exponent k characterizes
the range of the interaction, it is LR for —2 < k < 1 and SR for k£ > 1. The interaction
strength J is positive and sgn(k) in Eq. (2.1) ensures that the pair-wise interaction is
always repulsive. In Fig. 2.1 we show a schematic demonstration of these particles. We
confine our study to the range k > —2. For £k < —2, the repulsive interaction term
|z; — x;]7" is stronger than the confining potential 2? and the configuration is unstable

and the particles fly away to 00 to minimize energy.

For this system, the external potential (U(x) = x?/2) tries to confine all the particles
to the bottom of the trap, and the repulsive interactions (V (r) ~ sgn(k)r~*) tries to push
the particles apart. As a result, one expects that in the large- N limit, the positions of the
particles in the minimum energy configuration are supported over a length scale Ly such
that both the terms in the energy function in Eq. (2.1) are balanced. Consequently, the
length scale Ly depends on the exponent k and also on the number of particles N. For
the notational simplicity, we drop the explicit k& dependence. To estimate Ly, we first

compute the approximate N dependence of the interaction and external potential energy

in the limit of large-N as follows. We introduce a scaled variable y; for i = 1,2,3..., N
such that
Ly .
yi = —, with y; ~O(1), (2.2)
Ly

where x; ~ O(Ly) is the position of the i-th particle. For large-N, the N dependence of

the harmonic potential energy is approximately given by

7

- Y v
> al= NLy =55 ~ O(NLR). (2.3)
=1
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Similarly, the interaction energy cn be estimated as follows

N N N N
—k —k —k
DD = =LY Y -yl (2.4)
i=1 j=1 i=1 j=1
J#i J#i
To estimate the double sum we note that the typical distance between adjacent particles

is ~ O(N™') and consequently one expects |y; — y;| ~ O(N~!i — j|). Therefore, the

interaction energy scales as

(

O(NFLFYy  for k> 1
YD lwi—al T~ CONPIMNLYY) for k=1 : (2.5)

=1 J::1.

7 O(N2LF) for —2<k<1

\

Here, the differences arise due to the convergence behavior of the series ij:l n~*, in the
thermodynamic limit, for different values of k. In particular, the series is convergent i.e.
takes a finite value for k£ > 1 and diverges Logarithmically as ~ O(In N) for k£ = 1 and as
a power-law N17% for k < 1 in the large-N limit. By balancing the energy contribution

due to the external potential given in Eq. (2.3) and the interaction potential given in

Eq. (2.4), one finds

Nk for —2<k#1 2 for k> 1
Ly = , where oy, = { " . (2.6)
(NInN)Y/3 for k=1 s for —2<k<1

In terms of the scaled variables {y;}, many computations and results are more convenient
and revealing and we use them frequently. For example, the energy function in Eq. (2.1)

can now be expressed in terms of the scaled variables {y;} as

Ev({z;}) = NLLE.({yi}), where, y; = L“’- and,
N

N
J
Bx({u}) = Z e NLMZZ\M wl ™ (27)

=1 j=1

JF

Here Ly is given in Eq. (2.6) and the energy function scales super extensively with system

size as Ey({z;}) ~ O(NL%) as the scaled energy is Fy({y;}) ~ O(1) and Ly > O(1) for
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all k. The super extensive scaling of the energy function is due to the external potential
and the all-to-all nature of the interactions in the Riesz gas.

For the Riesz gas in thermal equilibrium at temperature 7' = 37!, the joint probability
distribution function (jpdf) of the positions of the particles is described by the Gibbs-

Boltzmann distribution given by

Pul{ai}) = Zikexp (BB ({z.}). 2.8)

where Ej({z;}) is given in Eq. (2.1) and the partition function is given by

7y = /_Z dx; /_: dxy - - /_Z drn exp (—BEk ({xz})), (2.9)

which normalizes this probability distribution. To keep our notation light, the tempera-
ture (T' = ') and system size N dependence of the partition function, Z, = Z.(N, 3),
and the jpdf, P.({x;}) = P.({z;}, N, 5), is assumed to be present implicitly and is stated
otherwise. For the Riesz gas, some of the equilibrium properties have been studied in

Ref. [45] and discussed in the following sections.

2.1 Properites of 1d Riesz gas

In this section, we provide an overview of some of the known results for the harmonically
confined Riesz gas in 1d. We first discuss the field-theoretic energy functional which was
derived in Ref. [45] and then discuss the average density profiles of the Riesz gas in Gibbs

equilibrium. These results are used extensively in Chapters 3,4 and 5.

2.1.1 Field theory for the Riesz gas

To study the equilibrium properties, generally one has to compute the partition function
given in Eq. (2.9), and performing this N-fold integral is hard for general k. However,
one can compute it in the large-N limit by coarse-graining the system in terms of the
empirical density profile, py(z) = + Zfil d(z — x;) which is normalized to unity. The
main difficulty in this coarse-graining procedure is going from the microscopic configura-
tion of the positions of particles to the macroscopic density profile, {z;} — pn(z). More

specifically, expressing the energy function Ej({z;}) given in Eq. (2.1) as a functional of
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the density profile py(z). This was achieved in Ref. [45]where expressed the energy due

to harmonic confinement in Eq. (2.1) was expressed in terms of the density profiles as

Nz N
Z ? =35 dx 2°pn (). (2.10)

Similarly, the double summation in the interaction term given in Eq. (2.1) can be ex-

pressed as a functional of the density profile py(x) as

N?
ZZm 2| 7F ~ / / da'dx pﬁxjiff',(c) for —2<k<l (211

=1 j=1

J#i

Here, the self energy corrections are subleading to this O(N?) term in the large-N limit
and the integral [*°_da'py(z')pn(z)|z — o/|7F refers to the principal value integral for
0 < k < 1 due to the integrable singularity at x = 2/. For k > 1, the coarse-graining
turns out to be harder due to the non-integrable singularity of the potential |x; — x| "
at x; = x;. Consequently, the double sum cannot be expressed as a double integral and
instead has to be evaluated more carefully and the following different approach is used.
By ordering the position of the particles 1 < x5 < ... < zy, x; can be approximated by
a smooth function z(7) of the index ¢ in the large-N limit. Next, using the Taylor series

expansion of z(j) ~ x(i) + (j — i)2’(4) in the interaction term of Eq. (2.1) one obtains

SN a0 S () (2.12)

=1 j=1 =1 j=1

J#i J#i
where 2/(7) = dx(i)/di is the gap between the i-th and (i+1)-th particle and only the first
term of the series expansion is considered. The gap 2/(i) = x;41 — ; can be expressed as
the inverse of the density at z; i.e., 2'(i) = 1/Npn(x;). The interaction term then can

be expressed as a functional of the density profile py(z) as

iil o CRINE [ da oy ()] for k> 1 o1
T; — l’j ~ , )
i=1 ;;11 N2 lanfOoo dx [pN($)]k+17 for k=1

where ((k) = limy_0o Zivzl n~* is the Riemann zeta function and appears due to the

all-to-all nature of the interaction. For k = 1, the sum ZnN:1 n~* diverges Logarithmically
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with NV and consequently the interaction term is modified. In Eq. (2.13) the next-order
terms are subleading in the thermodynamic limit. Using the expressions for the external
potential energy and interaction energy from Egs. (2.10), (2.11) and (2.13) in Eq. (2.1),
we find that the coarse-grained energy functional &[py] in the large-N limit can be

expressed in the following concise form

.

C(RYNFHL [ da [py ()], for k>1

. N [
&lpn] = 5/ dz 2*py () + J { N? InN [* dz [pn(2))°, for k=

o0

BN (20 % da’da 0 for — 2 < | < 1.

\

(2.14)

For k > 1, the interaction term is a local functional of the density profile py(z), indicating
that the interactions are SR. In contrast, for —2 < k < 1, the interaction term is non-
local, effectively capturing the LR nature in this case. It turns out that for large-N the

density profile possesses the following scaling relation

i) = 0 (1) (2.15)

Using this form, the energy functional in Eq. (2.14) can be expressed in terms of the

scaled density function p(y) as

Erlpn(WLN)] = BnE: [p(y)], where By = NL%, and, (2.16)
( k) [72 dy p(y)F, for k>1
8%@ﬂ=%[i@fmw+J [ dy ply)?, for k=1

\ Sgn(k f [ dy'dy ﬂg}y)z(zrk), for —2<k<l1.

Clearly, the energy &, [pn] in Eq. (2.14) is superextensive and scales with system size as
8rlpn] ~ O(NL3). This field theoretic free energy was used in Ref. [45] to compute the
average density profiles of the Riesz gas in Gibbs equilibrium at temperature 7' ~ O(1).

We discuss these results next.
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2.1.2 Average Density profiles of the Riesz gas

The average density profile (px(x)) in the large-N limit minimizes the free energy of the
Riesz gas [45]. The free energy Fi[py] has contributions from the energy of the system
and the configurational entropy S[pn] as Filon] = klon] — TS[pn]. The configura-
tional entropy is the entropy due to the number of ways the particles can be arranged
in the system such that the density profile is given by py. In the large-N limit, the
entropy functional can be expressed as S[py] = =N 7 dzpy(z)Inpy(z) ~ O(N). At
T ~ O(1), the contribution of the extensive configurational entropy §[px] ~ O(N) to the
free energy [ [pn] is negligible when compared to the super-extensive energy function
Erlpn] ~ O(NL%). Hence the free energy gets dominated by the energy only. Con-
sequently, the average density profile (py(z)) is the one which minimizes the energy
functional &[px] given in Eq. (2.14) with the constraint that the density profile is nor-
malized [*_dzpy(z) = 1. In Ref. [45], the average density profile in the large-N limit
was formally obtained using the saddle point method. It was shown that the shape and
the scale of the average density profile crucially depend on the exponent k. For any k, it

has finite support and is described by the following scaling form

vt = -0 (1) (217)

where the scaling function pf (y) is given by

pry) = piy, k) = Ak(lﬁc - yz)%, for —lue <y <ly, with (2.18)

1
T for k> 1

1 —a
Vi ,oand Ly = (k) = 5 (ApB(v + Ly + 1)) %% . (2.19)

% for —2<k<l1

Here, B(a,b) = fol dz 247 1(1 —2)*~! is the Beta function and the constant Ay, is given by

p

2J(k +1)C(k)] ™% for k > 1

Ay = % for k=1 ; (2.20)
sin(myg)
\%JIJ,’% for —2<k<1
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Figure 2.2: Figure adopted from Fig. 1 of Ref [45]. Scaled average density of the uncon-
strained gas pf.(y) in Eq. (2.18) vs. y for different values of & > —2. The three rows
correspond respectively to (i) £ > 1 (third row), (ii) —1 < k& < 1 (second row), and (iii)
—2 < k < —1 (first row). In (i) the density has a dome shape, in (ii) also has a dome
shape, and in (iii) it has a U-shape. At k = —1 and k — +oco the density is flat. The
blue dashed vertical lines indicate the edges of the support of the density profile.

The formulae Eq. (2.20) are true for k£ # 0. However for k& — 0, as described in the
introduction one has to assume .JJ = .Jy/k to get a meaningful limit. In this limit l,. = /2
and Ay = 1/m. The superscript ‘uc’ in p!.(y) and [, refers to the Riesz gas in the
unconstrained setup where no physical constraint other than harmonic confinement is
present. Note that for notational simplicity, the k& dependence of p’.(y) and [, are
assumed to be present implicitly.

The Fig. 2.2 is taken from Fig. 1 of Ref. [45], it shows the shapes of the scaling form
for the average density profile given in Eq. (2.18) for different values of k. The density
profile changes shape as k is modified and its behaviour can be described separately in

three regimes of k depending on the range of the pairwise interactions (see Fig. 2.3):

(i) Regime 1 (k> 1): short-ranged interactions. In this range, the interaction falls off
rather rapidly, as a function of the separation between two particles. Consequently,
one can replace the pairwise long-ranged interaction with an effective short-ranged
one. In this regime, the average density is dome-shaped with a maximum at the
center and the density vanishes at the two edges of the support (see the third row

of Fig. 2.2).
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Figure 2.3: The exponent k characterizes the range of pairwise repulsive interactions
between particles. For k£ > 1 the interaction is effectively short-ranged. For —1 < k < 1,
the interaction, though long-ranged, is effectively weak and does not qualitatively change
the shape of the density profile compared to the short-ranged case. For —2 < k < —1,
the particles are subjected to strong long-range interactions, that change the shape of
the density profile drastically.

(ii) Regime 2 (—1 < k < 1): weakly long-ranged interactions. In this case, the long-
ranged interaction can not be replaced by an effective short-ranged one as in the
regime 1 above. Nevertheless, the average density remains dome-shaped, as in
regime 1 (see the second row of Fig. 2.2). Hence we call this regime “weakly

long-ranged”.

(iii) Regime 3 (—2 < k < —1): strongly long-ranged interactions. In this regime, the
repulsive force between two particles (i.e., the derivative of the pairwise interaction
potential) vanishes when they get closer to each other. However, at large distances,

k=1 making this a

the force increases with separation |r| as a power law ~ |r|
“strongly long-ranged” system. This affects rather strongly the shape of the average
density profile. In fact, the density profile is now ‘U-shaped’ where it diverges at
the two edges (but still integrable) and has a minimum at the center of the support

(see the first row of Fig. 2.2).

The density profile is completely flat exactly at & = —1. Furthermore, the system un-
dergoes a change of behavior at & = 1. This is also manifest in the k-dependence of
the exponents oy and 75 in Eqgs. (2.6) and (2.19) where one sees a drastic change of
behavior as k crosses the value £ = 1. Note that the classification of the three regimes
above is based on the shape of the density profile. This is somewhat different from the
nomenclature (short-ranged /weakly long-ranged and strongly long-ranged) typically used

in the literature on long-ranged interacting particle systems, where the classification is
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based on the thermodynamic behavior of the free energy [91].

The study of the average density profile is one of the most basic questions as it can
be used to compute the free energy of the system— essential for studying equilibrium
properties. Consequently, this calculation was extended for a finite-range (not all-to-all
coupled) Riesz gas [92,93]. In a similar spirit, a natural question arises: how do the
average density profiles get modified for all values of £ when the system is subjected to
barriers that restrict the particles to a particular side? This modified density profile, as
we will see later, is an important ingredient for studying various quantities of the Riesz

gas. This is the subject of the next Chapter.
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Chapter 3

Average density profile in the

presence of a hard wall

3.1 Introduction

The main goal of this Chapter is to study how the average density profile in the uncon-
strained Riesz gas gets modified in the presence of a wall at position W, such that the
particles are constrained to stay to the left of the wall. This is a naturally interesting
question in any interacting particle system: how does the presence of a hard wall affect
the collective properties of the system, such as the average density? Recent experimental
progress has made ultra-cold gases an ideal platform to explore such collective behavior.
In many experiments involving ultra-cold gases, appropriate barriers are introduced to
create desired non-trivial density profiles in a controllable/tunable manner [10,94-97]. It
is also an important intermediate step in the computations of extreme value statistics
(EVS) in a strongly interacting system [98]. In EVS, one is interested in the distribu-
tion of the position of the rightmost particle, .. Using the Boltzmann distribution in
Eq. (2.8), the cumulative distribution of x ., in thermal equilibrium at inverse temper-

ature f3, is given by [25]

L v w .
Prob. (. < W) = —/ dxy .. / dry e PEellzid], (3.1)
e J_ _

o0 o0

where Z; is the partition function of the Riesz gas given in Eq. (2.9) and Ey[{z;}] is its
energy defined in Eq. (2.1). To evaluate this restricted partition function in the large N
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limit using the saddle-point method, one needs to compute the density that optimizes the
multiple integrals in Eq. (3.1). This optimal density, in the large N limit, also coincides
with the average density in the presence of a wall. Hence, computing the average density
in the presence of a wall is the first step towards calculating the EVS in this strongly

interacting system.

The average density profile of the constrained Riesz gas (i.e., in the presence of a wall
at W) has been computed, for large N, for two special values of k: namely k£ — 0 limit
(Dyson’s log gas) and k = —1 (1dOCP). For the & — 0 case, it was shown in Refs. [22,23]
that the constrained density profile satisfies the scaling form as given in Eq. (2.17) and

the scaling function is given by

(

%\/2—y2, with—\/ﬁgyg\/i for w>\/§,
Py, w) =

/) [y 4 Io(w) — 29],  with —lp(w) Sy <w for w< V2,
(3.2)

where w = W/v/N, and lo(w) = 2—”"2;6_“’. For w > /2, the gas does not feel the

\

presence of the wall at w and the density is the same as that of the unconstrained gas,
i.e., the Wigner semi-circular form, as given in the first line of Eq. (3.2). In contrast,
when w < /2, the gas gets pushed by the wall. This leads to a complete re-organization
of the charges and the density gets drastically modified from the Wigner semi-circular

law, as given in the second line of Eq. (3.2), where the density vanishes at the left edge

of the support lo(w), while it diverges as a square-root singularity ~ \/u}fy at the right
edge of the support located at w. This integrable divergence indicates an accumulation

of charges at the wall when the gas is pushed [25].

However, the presence of the pushing wall affects the density for the 1dOCP (k = —1)
differently. It has been shown in Refs. [31,32] that in this case the constrained density
profile is given by

)
%, with—J<y<J for w>J
Py, w) = %—{—J;—Jwé(y—w), with— J<y<w for —J<w<J - (3.3)
(w —y), with y < w for w<—J
(
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As in the log gas, for w > J, the gas does not feel the presence of the wall and the
average density has the same flat profile as in the unconstrained case. When w < J,
the particles feel the presence of the wall, leading to a re-organization of the particles,
as in the log gas. However, how they get reorganized for kK = —1 is drastically different
from the £ — 0 case. For kK = —1, the particles that get displaced by the wall get fully
absorbed inside the wall, leading to a delta-function peak at y = w, that coexists with
an undisturbed flat bulk to the left of w. This leads to the density in the second line of
Eq. (3.3). Finally, when w < —J, all the particles get absorbed in the wall, leading to a
single delta-peak, as given in the third line of Eq. (3.3).

These two specific cases of k suggest that the shape of the density profile gets affected
dramatically due to the presence of the wall. In this chapter, we compute exactly, for all
k > —2, the density profile of the constrained gas in the presence of a wall. In the next
section, we summarise our main results. The derivations of our results are provided in
Section 3.3. Section 3.4 contains a summary and conclusions. Some details are relegated

to the Appendix.

3.2 Summary of the results

Our main result is the exact computation of the average density of the Riesz gas (char-
acterized by the exponent k& > —2) in thermal equilibrium in the presence of a wall at
position W. The effect of the wall is to constrain the particles to stay on the semi-infinite
line to the left of the wall. Consider first the unconstrained gas, i.e., without the wall.
This is equivalent to placing the wall at W = +oo. The scaled density of the uncon-
strained gas is supported over [—ly, ly| (see Fig. 2.2 where [, is given in Eq. (2.18).
Now imagine bringing the wall from infinity to a finite position W. For all £ > —2,
we find that the scaled density of the unconstrained gas remains unchanged as long as
the (scaled) position of the wall w = W/N® [with a4 given in Eq. (2.6)] is larger than
lye- In this regime, the particles do not feel the presence of the wall. However, when
w < ly, the particles feel the presence of the wall and reorganize themselves. This leads
to a modification of the mean density and the nature of the modifications depends on the
exponent k characterizing the range of the interactions. We again find three principal

regimes of k (see Fig. 2.3): (1) k > 1 (where the interaction is effectively short-ranged),
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Figure 3.1: Scaled average density of the constrained gas pi(y,w) vs. y for different
values of k& > —2. The three rows correspond respectively to (i) & > 1 (third row), (ii)
—1 < k < 1 (second row), and (iii) —2 < k < —1 (first row). The blue dashed vertical
lines indicate the edges of the support. In the second and third rows, the right edge of
the support coincides with the scaled wall position w. In the third row, the density is
a constant at the wall while it diverges in the second row. In both the second and the
third row, the density vanishes at the left edge (for £ = 10 in the third row, the true
density at the left edge vanishes, though it is not clearly visible due to the compression of
the scale). In the first row, the density has an extended bulk part, sandwiched between
the two vertical dashed lines and a delta peak at the wall w (shown by a thick solid
vertical line). In between, there is a hole devoid of particles (shaded cyan region) which
disappears for k = —1 (the third figure in the first row).

(2) =1 < k < 1 (weakly long-ranged interaction), and (3) —2 < k < —1 (strongly long-
ranged interaction). The exact form of the modified density in these three regimes is
summarised below (see also Fig. 3.1). We obtain these results by employing a saddle-
point method in the large-N limit. Finding the analytical solution of this saddle-point

equation is the main technical achievement of this chapter.

Regime 1 (k > 1): short-ranged interactions. In this regime, the interaction is extremely
short-ranged and the effective field theory becomes local and simple [45]. Solving the
associated saddle-point equation in the presence of a wall at the scaled position w =

W/N* with oy, = k/(k + 2), we find that, for w < l,, the mean density, supported over
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the finite interval [—I;(w), w], is given by

Eall
g
|
=
£
IN
<
A\
&
S
A
g

pr(y,w) = Ay, (l(w)® —y*)* (3.4)

where Ay is given in Eq. (2.20) and the location —I(w) of the left edge of the support
is determined from the normalization condition fivlk (w) pi(y,w)dy = 1. This analytical
result is verified through Monte-Carlo (MC) simulation in Fig. 3.2. The density vanishes
at the left edge —lx(w) while it approaches a finite value at the right edge, i.e., at the
location of the wall (see Fig. 3.1). In addition, as w — —o0, the size of the support in

scaled units
Li(w) = w + li(w) , (3.5)

decreases as L (w) ~ ]w]_k%2 for a fixed k > 1 (see Fig. 3.3).

Regime 2 (—1 < k < 1): weakly long-ranged interactions. In this regime the interaction
between two particles at small separation is weaker compared to the previous case (k > 1),
however, it is relatively more long-ranged. As a result, the action in the large-N field
theory becomes non-local. This modifies the density in a slightly different way compared
to the regime 1. We find that the density is still supported on a finite interval [—{x(w), w]
and it vanishes at the left edge —I(w). However, at the right edge, i.e., at the wall, the
density diverges, though it remains integrable. This is different from regime 1 where the
density approaches a nonzero constant at the wall. We find that the density profile in
this regime is explicitly given by
ey, w) = Ay (i (w) = y)(lk<1:]7)k+ y)% , for—l(w) <y<w , w<le (3.6)
(w—y)=
where Ty(w) = %((k + 1)l(w) + (1 — k)w) . (3.7)

Here, Ay is given by Eq. (2.20), and I (w) is found from the normalization of the density.
A plot of this expression of the profile is given in Fig. 3.4 where it is also compared
with numerical results. As in the case of regime 1, we have studied the support size

Li(w) = w+ l(w) as a function of w, shown in Fig. 3.5. As w — —oo, the support size
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decays algebraically as Ly (w) ~ |w|7k%2.

Regime 3 (=2 < k < —1): strongly long-ranged interactions. In this regime, the force
between two particles vanishes when two particles get closer to each other. However, at

k=1 of the inter-particle

long separation, the repulsive force increases as a power law ~ |r|
distance |r|. As a consequence, the associated field theory is strongly non-local. In the
presence of the wall, this leads to a rather exotic scaled density profile consisting of two
disjoint pieces separated by a hole: a bulk part, supported over [—I;(w), [;(w)] and a delta
peak with weight Dj(w) located at w > [,(w) (see the top row of Fig. 3.1. Thus the hole
extends over [[;(w), w] which is devoid of any particle. Moreover, unlike in regimes 1 and
2, where the density vanishes at the left edge —[x(w), in regime 3, the density diverges
in an integrable fashion. The presence of the wall is felt over a much wider region in this
case, due to the strong non-local nature of the interaction. As the wall is pushed further
to the left side, at some critical position w.(k) < l,. the support of the bulk part shrinks

to zero and all the particles accumulate at the wall, leading to a single delta function at

the wall for w < w.(k). We find the following explicit expression for the density profile

( k43

b k+1 (w)—y) 5 _
4, )+y)ZE;)( 20 " gy w) < y < Tuw)] -+ Di(w)d(w — ),
* for w > w.(k)
oy, w) = .
5w —y), for w < w.(k)

\

where [ represents the indicator function, Ay is given by Eq. (2.20) and the other con-

stants are given by

- _ 2w+ (k+ 1)l(w)

t(w) k+3 ! (3.9)
o () —w) (w L) E (k1) (w— L(w))\ F

Diw) = ] (k+3) ( k+3 ) o (310)
wc(k?) - (k+2) Lgkf;_ 1)|m (3.11)

The value of I, (w) is again determined from the normalization condition. The analytical

expression in the first line of Eq. (3.8) is plotted in Fig. 3.6 where it is also compared to
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MC simulations. In this regime 3 of k, the support length of the extended part decays as
the wall is pushed to the left and goes to zero at a critical wall position w = w,(k). This
can be seen in Fig. 3.7.

Furthermore, in this regime 3 of k, we find an interesting first-order phase transition
in the density profile as the scaled wall position decreases below a critical value w*(k) >
w.(k). We find that the actual density profile is a pure delta function for all w < w*(k).
Thus the solution in the first line of Eq. (3.8) is actually metastable in the intermediate

region w.(k) < w < w*(k). This is discussed in Section 3.3.3.

3.3 Derivation

For a given configuration of the positions (x1, s, ..., zy) of the particles, we define the

empirical density as
N

pn(z) = NZé(x—xi) . (3.12)

We are interested in computing the thermal average of this empirical density for large N
which we denote by (pn(x)). To proceed, we first look at the partition function of the

Riesz gas in the presence of a wall given by

W w _
Zk(W):/ d:vl.../ dxy e PEeid) (3.13)

o0 —00

For large N the multiple integrals in the partition function can in principle be done in

two steps.

1. Integrate over the microscopic configurations corresponding to a given macroscopic
density profile py(x). This introduces an entropy contribution corresponding to this
density profile. Also, this stage involves converting the energy function Ej({x;}) in

Eq. (2.1) to an energy functional &[px ()] [45,92]. This yields

w
Z (W) ~ / Dlpn]eBélon@I-N [ do pn (@) oy @) § ( /

—0o0

drpy(z) — 1> . (3.14)

where the delta function ensures that the functional integrals are performed only

over normalized density profiles. For large N, the energy functional & [pn] takes
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the following form, depending on the value of £

COR)NFH Y dr [pn (@), for k>1

- N (W
& [pn(2)] ~ 5/ dz a*py(a) + J { N2 lan_VZo dz [pn(z)]?, for k=

—00

sgn(;f)N2 fj/zo dI/dx% for—2 < k < 1.
\

(3.15)

2. We perform the functional integral in Eq. (3.14) using the saddle point method.
We further find the saddle point density by extremizing the action which finally

provides Z; (W) in the exponential form, as will be shown later.

To proceed, it is convenient to use the scaled variables y; = x;/Ly with Ly given in
Eq. (2.6). In these variables, the density profile has a scaling form py(y) = Ly p(yLy")
[see Eq. (2.15)]. Substituting this scaling form in Eq. (3.15), we find that the energy

functional
8rlon] = BuEilp] where By = NLZ, (3.16)

and the scaled energy functional & [p] takes the following forms

¢

(k) 1 dy p(y)*! k>1
& [p(y)] = /_ dy y*p(y) + T4 [ dy ply)? k=1 (3.17)

2l [ dydy SRR 2 <k <1,

\

with w = W/Ly. Substituting (3.16) in the expression (3.14) for the partition function,
one finds that the energy scale By is much bigger than the scale of the entropy, since
By > N for large N and fixed S. Hence, neglecting the entropy term and using the
integral representation of the delta function §(z) = [;. 2£ei® where I runs along the

imaginary axis in the complex p-plane, we rewrite the partition function in Eq. (3.14) as

Zu(W) = Cy / dy / Dlp] exp [~ BBk [p(y) 4] + o(B)] (3.18)
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where o(®By ) represents terms of order smaller than By (subdominant) which is composed

of the self-energy term and the entropy term. The action i [p(y), p] is given by

Selptw)o = (&ulot] = ([ duot)=1)) | (3.19)

— 00

with & [pr(y)] given in Eq. (3.17). Note that a Jacobian Cy appears in Eq. (3.18) when
the positions are rescaled from {z;} — {y;} in Eq. (3.13) where y; = 2;/Ly . This

multiplicative factor is given by

N T
o (L) for k # 0, 520

NEHE T for k= 0
The Jacobian Cly is a multiplicative factor in Eq. (3.18) which does not affect the equi-
librium properties.
The integrals in Eq. (3.18) can be performed using the saddle point method in which
one is required to minimize the action Xx[p(y), 1] in Eq. (3.19) to find the saddle point

density pi(y, w) and the chemical potential p;. The saddle point equations read

00(Y)  |pw=piyw)
H=Hy

O Py)=pi,(y0)
H=Hy,

Note that the second equation above is equivalent to the normalization condition [ _woo dyp(y) =

1. In the limit N — oo, the saddle point density coincides with the average density.

3.3.1 Regime 1 (k> 1): short-ranged interactions

In this regime, the interaction energy falls so quickly with increasing separation that it
effectively acts as short-ranged and consequently the energy functional & [px(y)] becomes
local in the leading order for large N (see Eq. (3.17)). The saddle point equation (3.21)

becomes

i = 4 (k4 1)C0) i ()] (323
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for £ > 1 (the case k = 1 is treated separately below). This equation of course is valid for
y belonging to the support of the density. To determine the support, we solve Eq. (3.23)
explicitly, giving

Bl

pr(y,w) = Ap 2ur — )", (3.24)

where Ay is given in the first line of Eq. (2.20). This density is real and nonzero for
—/2u; <y < ++/2u;. Now there are two possible situations: (i) when w > /2 and
(ii) when w < \/m Consider the situation (i) first. In this case, the density is given
by Eq. (3.24) and is supported over [—/2u},++/2p;]. The only unknown is pj which
is fixed by the normalization condition f \/\/__ pe(y,w)dy = 1. It is easy to show that
it gives \/2u; = ly where [, is given in Eq. ((2.19). In this case, the density in Eq.
(3.24) is precisely the unconstrained density given in Eq. (2.18). Thus we conclude that

for w > [, the unconstrained density is not affected by the presence of the wall.

We next consider the case (ii) above, i.e., when w < /2. In this case, the support
of the density in Eq. (3.24) is over [—/2u}, w]. Thus, unlike in case (i) above, the density
does not vanish at the upper edge w of the support (see Fig. 3.2) and it reads

Sl

pr(y,w) = A (20 — )", —2up <y <w. (3.25)

Setting /245 = l;,(w), the density is then supported over [—I;(w), w]. The only unknown
lp(w) is then fixed by the normalization condition fivlk(w) pi(y,w)dy = 1. Substituting

the density from Eq. (3.25), the normalization condition can be expressed in terms of an

w1y (w)
2 (w)

auxiliary variable my =

B 1 1 ok
(2my — 1) (B @” et 1) ) S (3.26)
(me; e + 1,9 + 1) Lue
where B(my;a,b) = [ u'(1 — u)*~" du is the incomplete Beta function and we recall

that v, = 1/k and ay, = k/(k + 2). The variable my, lies in the range [0, 1]. Solving Eq.
(3.26) gives my, which in turn fixes the unknown constant [(w). Let us investigate two
limiting cases. First, consider the limit w — [, from the left. In this case the right hand
side of Eq. (3.26) approaches 1 and therefore m; — 1 in this limit, i.e., lg(w) — [, as
expected. In the opposite limit where w — —I(w) (i.e., in the limit of vanishing support

size Li(w) = w + lg(w) — 0, which happens when w — —o0), the variable m; — 0.
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Figure 3.2: Regime 1 (k > 1): Comparison between MC simulations (symbols) and the
theoretical expression given in Eq. (3.24) (solid line) of the scaled density profile of the
Riesz gas in the presence of the hard wall at w = 1.0 for £ = 1.5. The parameters used
in this plot are J = 1 and T'= 1. The dashed vertical line on the left marks the left edge
—l(w) (shown by an arrow) of the density while the wall is located at w (shown also by
an arrow).

Using the small my, behavior of B(my;a,b) ~ m§ in Eq. (3.26), it is easy to verify that

the support length Ly (w) = w + I (w) ~ |w|~Y/*+) as w — —oo.

The density profile of the constrained gas in Eq. (3.25) is plotted (solid line) in Fig.
3.2 where it is compared with numerical simulations (symbols) for different values of N.
We observe that for increasing N the numerical density profile converges to the analytical
expression. Clearly, the density is nonzero at the wall while it vanishes at the left edge as
~ (l(w) — |y|)"™ with v, = 1/k, as in the unconstrained case. As w decreases below [},
the gas is pushed to the left and, as argued above, the support size Ly(w) = w + lx(w)
shrinks algebraically Ly (w) ~ |w|71+$'c as w — —oo. This result is verified in simulations
in Fig. 3.3 where we plot the support length Lp(w) as a function of w for given k.
Following the same procedure for k£ = 1, we find that the density profile is given by the

same form as for k > 1
pily,w)=Ar (L(w)*—y*), for —hLw)<y<w, w<lh, (3.27)

with the prefactor A; = 1/4.J (see the second line of Eq. (2.20)) and [;(w) is determined

for the normalization condition.
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Figure 3.3: Regime 1 (k > 1): Plot of the support size Ly(w) = w + I (w) = ;mmk’f”l as a
function of w < [, obtained by solving Eq. (3.26) for my. Lj(w) decreases monotonically
with decreasing w, shown for two different values of k. As w — —oo, the support size
decreases algebraically as Lj(w) ~ |w|~"/*#*1). The vertical dashed lines indicate the

positions of the unconstrained right edge [, for the two values of k.

3.3.2 Regime 2 (-1 < k < 1): Weakly long-ranged interactions

In this regime of k, the interaction forces decay slower with increasing inter-particle
separation compared to the previous short-ranged regime. The energy functional in
this regime is given by the third line in Eq. (3.17). Using this in the saddle point
equation (3.21) we get

2 w * /
* y / IOk‘ (y 7w)
== k dy ————-~. 3.28

To solve this equation, we note that the first term on the right-hand side grows arbitrarily
for large negative y whereas the second term can at maximum grow as y'*1* (for k& < 0).
Since uj is a constant the Eq. (3.28) can be valid only for density profiles with finite
support (—lx(w),w). Taking a derivative with respect to y on both sides of Eq. (3.28)

we get

w * (0 r_
P.V./ Pily ’“’)Sgngl Vay =Y lw)<y<w. (3.29)
ww =y I

where P.V. represents the principal value. Note that this integral is interpreted in princi-
pal value sense only for 0 < k < 1, but for —2 < k£ < 0 it is considered a normal integral.

The principal value for 0 < k < 1 appears because the second term in Eq. (3.28) is not
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Figure 3.4: Regime 2 (—1 < k < 1): Comparison between MC simulations (symbols) and
the theoretical expression given in Eq. (3.38) (solid line) of the scaled density profile of
the Riesz gas in the presence of the hard wall at w = 1.0 for £ = 0.5. The parameters
used in this plot are J =1 and T' = 1. The dashed vertical line on the left marks the left
edge —l;(w) (shown by an arrow) of the density while the wall is located at w (shown
also by an arrow). The density diverges at the wall as ~ (w — y)*=1/2,

differentiable at y = ¢’ and we consider a weak derivative with respect to y (as discussed
in Ref. [99]). We need to solve the integral equation (3.29) to obtain the desired density.
We can simplify the calculations by shifting the coordinates to the left edge and scaling
with the length of the support Li(w) = w + lx(w), i.e., by making the transformation

z= % Since the density is normalized it is expected to take the scaling form

Py, w) = L;jw) O (y Zkl(’fcig") , w) , (3.30)

where ¢(z,w) is now supported over z € [0, 1] and satisfies the Sonin equation

1 / I
P.V./ Ol W) = 2) (s 0<a<t, (3.31)
0

’Z _ Z,|k+1

with hy(z) = A (2 — qx(w)), Ay = —% and g, (w) = % The only unknown so
far is [y (w). Fortunately, the Sonin equation can be inverted for arbitrary source function

hi(z) and the general solution is given by [100]

k—1

or(z,w) = Co(2(1 —2)) * 4+ w(z), with (3.32)
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Figure 3.5: Regime 2 (—1 < k < 1): Plot of the support size Lg(w) = w + lx(w) =

#’“;:(w) as a function of w < [, obtained by solving Eq. (3.39) for gp(w). Lg(w)

decreases monotonically with decreasing w, shown for two different values of k. As
w — —o0, the support size decreases algebraically as Ly(w) ~ |w|~Y/*+Y  The vertical
dashed lines indicate the positions of the unconstrained right edge [, for the two values
of k.

1 ¢
wie) = gy g ([ T F G [T a0’ T avar)

(3.33)
where Cj is an arbitrary constant and Ay is given in Eq. (2.20). In Eq. (3.32), the
first term represents the general solution of the homogenous part of the equation (with
hi(z) = 0), while the second term wuy(z), given explicitly in Eq. (3.33), represents a
particular solution of the full inhomogeneous equation (3.31). Inserting the explicit form
of hi(z) [given after Eq. (3.31)] in Eq. (3.33) and performing the integral (detailed

in A.1.1), we obtain the full general solution

dr(z,w) = (2(1 - Z))%_l [Co — Ak A1 = 2) (2 = e (2qr (w) — 1))] ) (3.34)

where v, = (k 4 1)/2. The only unknown parameters so far are Cy and [y (w).

Asin regime 1, there are two possible scenarios, depending on the value of w compared
to the unconstrained right edge [,.. Let us consider w < [,.. In this case, it turns out that
the constant Cj is nonzero and is determined as follows. To fix Cj in this case, we need to
use some information about the density profile from numerical simulations (see Fig. 3.4.
From the simulations, we see that the density vanishes at the left edge (corresponding to

z = 0 in the shifted coordinate), while it diverges at the right edge at w (corresponding
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to z = 1 in the shifted coordinate). From Eq. (3.34), since 7, —1 = (k —1)/2 < 0 here
for k < 1, it follows that if the density has to vanish at z = 0, the term in the square
bracket must vanish at z = 0. This fixes the constant Cy = — Ag|k| Apye(2qp(w) — 1).

Hence ¢y (z, w) becomes
br(z,w) = — Ag|k| A2 (1 — 2) gp(w) — 2)I[0 < 2 < 1] (3.35)

where A, = ——[Lk(m]kﬁa

(k + 3)lp(w) + (1 — k)w
2(w + U (w)) ’

ge(w) = m Cae(w) = 1) +1 = (3.36)

and we used q(w) = lp(w)/(w + I(w)). Note that when w — 7, ¢y — L7, which

1
2
suggests that Cy — 0 in this limit. As a result, we get the unconstrained density profile
given in Eq. (2.18). Now if w is increased further to the right of [, as discussed before
(Section 3.2, the particles do not feel the presence of the wall and the density remains

unconstrained. Hence, we expect Cy = 0 for w > [,.. Note that gi(w) in Eq. (3.36) can

also be expressed in terms of the support length Ly(w) = w + lx(w) as

_k+3 (B+Dw
T2 Liw)

gr(w) (3.37)

Thus, finally, the density in terms of the original coordinate y reads

where I,(w) = L((k 4+ 1)lx(w) + (1 — k)w) as given in Eq. (3.7). The only remaining

1
2
unknown [ (w) is then determined from the normalization condition fi”lk(w) ey, w) dy =
1. The normalization condition can be conveniently expressed in terms of g(w) defined

in Eq. (3.36) as

(7k + 17; gk(w)) (gk(w) (2 N %) _ (1 . %))ak _ % , (3.39)

where we recall that ap, = 1/(k+2) and v, = (k+1)/2. This equation is the analog of Eq.

(3.26) in regime 1. For a given w and k, we solve this equation numerically to get gx(w)
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which, via Eq. (3.36), in turn fixes the only remaining unknown constant [;(w). Once
lp(w) is fixed, Eq. (3.38) then provides the exact density profile of the constrained gas.
We verify that in the limit £ — 0 our results recover the known results for the Dyson’s
log gas in the presence of a wall [22,23]. The numerical results from MC simulation for
the density profile are in perfect agreement with our analytical predictions, as shown in
Fig. 3.4 for a representative value k = —0.5 in this regime.

One can show that the solution for gi(w) in Eq. (3.39) lies in the range [1,+00). It
is easy to see that when w approaches [, the right hand side of Eq. (3.39) approaches 1
and consequently gx(w) — 1. From Eq. (3.36), we see that [;(w) — w and since w — [y
it follows that lp(w) — ly, i.e., to the right edge of the unconstrained gas. In contrast,
when w — —o0, it is easy to check from Eq. (3.39) that gx(w) diverges as gx(w) ~ \w\%ﬁ
Substituting this behavior in Eq. (3.37), we see that Ly(w) ~ \w\_%ﬂ as w — —oo. In
Fig. 3.5, we plot the support size Li(w) as a function of w for £ = —0.5 and k = 0.9.

We see from Eq. (3.38) that the density at the wall diverges as pj (i, w) ~ (w—y)*=1/2
(since k < 1). Thus the divergence becomes stronger as k decreases and at k = —1 it
becomes non-integrable, signaling a breakdown of the validity of the solution in Eq.
(3.38). This calls for a different analysis for —2 < k < —1, which we carry out in the

next subsection.

3.3.3 Regime 3 (-2 < k£ < —1): Strongly long-ranged interac-
tions

In this regime not only the interaction energy but also the interaction force is zero at
vanishingly small separation. As a consequence of this the density in this regime, in
the presence of a wall, displays interesting features as seen in Fig. 3.6 where we plot
constrained density profile p;(y, w) as a function of y obtained from numerical simulations.
Interestingly, in this case, for £ < —1, the average density profile, supported over a finite
range, consists of two disjoint parts with a region devoid of the particles (hole) in between
them. One part corresponds to a very high density (a delta peak) at the position of the
wall (see the inset in Fig. 3.6). The other part has an extended profile which vanishes
at the right edge bordering the hole and has an integrable divergence at the left edge
(see Fig. 3.6. Strictly for k = —1 (1dOCP), the hole disappears, and the extended bulk

merges with the delta-peak [32]. These observations suggest an ansatz for the scaled
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density profile of the form

pe(y, w) = po(y, W)=l (w) <y < lp(w)] + Dp(w)d(w —y) , (3.40)

where —I,(w) < lp(w) < w. The extended part of the density py(y,w) (where the
subscript b refers to the bulk density) is assumed to be supported over (—Ij(w), lx(w)).
Here I (w) denotes the right edge of the extended density profile, or equivalently the left
edge of the hole. Hence the hole is over the region y € (Ix(w),w). The amplitude Dj,(w)
of the delta function just denotes the fraction of particles in the delta peak. In fact, with

this ansatz (3.40) the normalisation condition reads

Ik (w)
/ po(y,w)dy + Dp(w) = 1. (3.41)
—lk(w)

The next step is to substitute this ansatz (3.40) in the expression for the scaled energy

function in the third line of Eq. (3.17). It reads

! e Yy, w y/,'lU
&k [or(y)] ~ 5/ dy 2 py(y, w) — _/ " / dy'dy Po(y, w) po( )
Ik (w

Ul (w) | - y|k

4+ Dy(w) [w—z— / O paly,w) dy] | (3.42)

2 ) [0 = y|F

The first two terms represent the energy of the particles in the extended part with density
pu(y, w). The third term represents the energy of the particles localized in the delta-
function — it has two parts: the first part Dy(w)w?/2 represents the potential energy
of these particles while the second part represents the long-ranged interaction energy
between these particles and the extended bulk with density py(y,w), separated by the
hole. Note that the interaction energy between the particles localized at w does not

contribute as it vanishes identically for £ < 0, which is the case in this regime 3.

The goal is now to minimize this scaled energy functional in (3.42) by varying p,(y, w).
Note that the amplitude of the delta-peak Dy (w) is automatically fixed by the normaliza-
tion condition (3.41). Hence the optimization will be only with respect to py(y, w), and
not Dy (w) independently. Taking a functional derivative with respect to py(y, w) subject
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to the constraint (3.41) enforced by a Lagrange multiplier py, we get

pr, = dy' — Di(w)(w —y)™*, (3.43)

v /l’“(w) Py, w)
k
2 Jaw ly =y
where the subscript “x’ indicates the optimal value of the parameters and the density.
The optimal density p}(y,w) has thus two unknown parameters —I(w) and I(w) and

we recall that the constant Dy (w) is fixed from the normalization condition (3.41).

To proceed further we take a derivative of Eq. (3.43) with respect to y and get

/l"(“’) pi( w)sen(y' —y) .,y

= -2 — Di(w)(w —y)~*+Y, (3.44)
) Jy—y T k|

This can be simplified after a change of variable z = % where Li(w) = Ip(w) + I (w)

is the size of the support. In this shifted and scaled coordinate the density takes the

scaling form

% w) — 1 y+lk(w) w

where ¢y (z, w) satisfies the following equation
1 /
sgn(z' — 2)
/o A e el w) = h(z) , 0<z<1, (3.46)

with hi(2) = Ak(z — @) + Br(ge — 2)~**+Y. The constants are

[ik(w)] k+2

A= —=—7— gu(w) =
K|

w+~lk(w) gu(w) = Iy (w)

7 T’ B, = —Di(w) | (3.47)

where we recall that Ly (w) = I(w) + l(w). This equation (3.46) looks similar to (3.31)
in regime 2. However, there is no principal value (P.V.) in Eq. (3.46). This is due to the

fact that for £ < —1 the integrand is not singular inside the support.

The integral equation (3.46) can be solved exactly using the Sonin inversion formula

given in Eq. (3.32). After a long calculation presented in A.1.2, we find

dr(z,w) = (2(1— 2)) "1 Co — Aplk|(1 = 2) A (3 (1 = 2qe(w)) + 2)

3.48
l—=z 2vegk(w) 249

(U)) — 2z k(gk(w)(gk(w) — 1))7% )
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Figure 3.6: Regime 3 (—2 < k < —1): Scaled density profile for w = 1 and k = —1.5:
Comparison between MC simulations (symbols) and the theoretical expression (solid line)
given in Eq. (3.40) with py(y,w) = pj(y,w) in Eq. (3.56) and Dy(w) = Dj(w) in Eq.
(3.54). The parameters used in this plot are J = 1 and 7" = 1000. The dashed vertical
line on the left (right) marks the left (right) edge —I(w) (Ix(w)) shown by an arrow.
The cyan shaded area is the hole region and the thick black line at y = w = 1.0 is the
delta function. Note that the theoretical expression has an integrable divergence at the
left edge as shown by the solid line. Since the numerical simulations are for finite N, we
do not see the divergence very clearly. However, the value of the density at the left edge
becomes larger as N increases, which indicates divergence in the limit N — oo.

where Cj is an arbitrary constant and 7, = (k+1)/2. Thus so far, we have three unknown
constants characterizing the optimal density: I.(w), lx(w), and Cy. To fix these three
unknowns we proceed as follows.

We start by fixing Cy. As z — 1in Eq. (3.48), the density ¢y (2, w) ~ Co(1—z2)*=1)/2,
Since k£ < —1 we see that the density has a non-integrable divergence at z = 1 unless
Cy = 0. Since the density is normalizable, Cy = 0 is the only possible choice. Setting
Co =0in Eq. (3.48), we get

Z'yk—l (1 _ Z)W’k

gr(w) — z

(bk(z, ’U}) = —Ak’k’ﬂk

X (%:(1 — 2qk(w)) + Z) (gr(w) — z) + % (gk(w)Z(Z;géZSUz )|’

(3.49)

where we recall again that 7, = (k+ 1)/2 < 0 in this regime 3. Let us first look at the
edge at z = 1. The term (1 — z)" clearly diverges at the right edge, where z — 1. On
the other hand, from MC simulations, we see the density always vanishes at this edge.
This means that the term inside the square bracket in the second line of Eq. (3.49) must

vanish as z — 1. Secondly, investigating the z — 0 limit in Eq. (3.49), we see that the
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Figure 3.7: Regime 3 (=2 < k < —1): Plot of the support size Li(w) = ly(w) + lx(w)
in Eq. (3.59) (with gz(w) determined from Eq. (3.57)). Ly(w) decreases monotonically
with decreasing w and vanishes at w = w,(k) given in Eq. (3.61) and marked by the two
vertical dashed lines on the left for £k = —1.5 and & = —1.1. The unconstrained right
edge [, for these two values of k, are also marked by two vertical dashed lines on the
right.

amplitude diverges as z(*~1)/2 which leads to a non-integrable divergence. Hence the term
inside the square bracket in the second line of Eq. (3.49) must also vanish as z — 0. Note
that the square bracket on the second line of Eq. (3.49) is a polynomial in z of degree 2,
and hence it must be of the form z(1 — z) in order to satisfy the behavior at both edges

z =0 and z = 1. This implies

B 291k (w) _

Matching the powers of z on both sides gives two relations

%@0=%+2%%w% (3.51)

and
By Dp(w)  ge(w)™(gr(w) — 1)+

2k _ _ , 3.52
A, A, 11+ k| (3:52)

where we used B, = —Dj(w) from Eq. (3.47). Solving these Egs. (3.51) and (3.52) one

can get D} and [, (w) in terms of Iy(w)

= _ 2w+ (k4 1l (w)

le(w) 3 : (3.53)
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Figure 3.8: Regime 3: Simultaneous plots (i) of the amplitude Dj(w) of the delta function,
associated with the density p!(y,w) in Eq. (3.62) (dashed red line) and (ii) of the order
parameter M (w) defined in Eq. (3.67) (solid green line), as a function of w for fixed
k = —1.5. We see that Dj(w) increases with decreasing w and approaches to 1 as
w — w.(k), while the order parameter My(w) coincides with Dj(w) for w > w*(k) but
jumps to 1 at w = w*(k). This jump in My (w) at w = w*(k) demonstrates a first-order
phase transition.

o ew) = w) (w+ L(w) (k1) (w— L(w)
Dy(w) = EICES) ( 3 ) : (3.54)

The only remaining constant [ (w) is finally determined from the normalization condition

Eq. (3.41). The scaled bulk density is then given by

2 (1 — z)
= —Ai|k|A 3.55
Pi(z, w) klk| Ak w@) =7 (3.55)
which in terms of the original coordinates reads
. L(w) — y)7et! kE+1
pilw) = A lw) +) SIS e =S e50)

and the constant Ay is given in Eq. (2.20). Inserting this density (3.56) in the normal-
ization condition Eq. (3.41) and using the expression for Dj(w) in (3.54) we find that

I (w) satisfies the equation

gr(w) (27 +1) = (e +1) de(w)\ ™" w
B (s + 1,79 + 1)=o ([ (g8 (w), Yo, 30+ 1) + ) = (3.57)

where we recall that gj(w) = Ly(w)/Ly(w) with Ly(w) = w + lx(w) and Ly(w) = l;(w) +
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lp(w). Here

gr(w) " (gr(w) — 1)+
k(k+1)

Lok (1 — z)mwt1
I(gr(w), vk, +1) = / ¥

dz and dip(w)=
0 ge(w) — 2 k( )

(3.58)

For a given w and k, we solve this equation numerically to get gi(w). Using gp(w) =

(w + lp(w))/ Ly(w) where

~ — Z’ka
Ly (w) = lp(w) + I (w) = @+ Dgelw) = T+ 5)

(3.59)

we then finally fix the only unknown [(w). We then have the full analytical expression
of the bulk density pj(y,w) in Eq. (3.56) and the weight of the delta function Dj(w) in
Eq. (3.54). The numerical results from MC simulation for the density shown in Fig. 3.6
are in good agreement with these analytical predictions. A slight complication arises in
the MC simulation as it turns out that the particles have extremely small fluctuations
and hence are confined to a small region around their mean position. So to get a better
thermal average of density we need to go to larger N which is computationally costly.
We bypassed this issue by considering comparatively high temperature 7' = 1000 but
still satisfying the constraint SN2 >> 1. At such high temperatures, particles fluctuate
more leading to a smoother density profile for the chosen values of N. We notice that the

numerical densities match better with the expression Eq. (3.56) for larger values of N.

Let us first analyze the limit w — [, from the left. In this limit, the right-hand side of
Eq. (3.57) approaches 1. Consequently, one can show, by analyzing the left-hand side of
Eq. (3.57) that gp(w) = Ly(w)/Li(w) — 1 in that limit. Consequently, Ly (w) = w1 (w)
approaches Li(w) = ly(w) 4 I;(w). Hence, [(w) — w indicates that the hole disappears
in this limit. In addition, from Eq. (3.59), it follows that lx(w) — w and the support
length Lj(w) — 2ly. In addition, the weight of the delta-peak in Eq. (3.54) vanishes in
this limit. We thus fully recover the "U-shaped’ unconstrained density, as in the first row

of Fig. 2.2.

Now consider pushing the position of the wall w further to the left. As w decreases,
more and more particles get transferred from the extended bulk to the delta peak. As
a result, the support of the bulk density Lj(w) reduces monotonically with decreasing

w (see Fig. 3.7 and the weight of the delta-peak Dj(w) increases monotonically with
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Figure 3.9: Plot of the energy &/ (w) and &1 (w) = w?/2 vs. w for two different values
of k: for k = —1.5 (panel (a)) and k = —1.8 (panel (b)). The values of w*(k) and
w,(k) are marked by vertical dashed lines. In the range w.(k) < w < w*(k) the energy
&l(w) > &' (w), showing that the configuration with density pi(y,w) is metastable.

decreasing w (see Fig. 3.8. It turns out that there is a critical value w.(k) at which
Di(w) hits 1 and simultaneously Ly (w) hits 0. At w = w,(k), there are no particles left
in the extended bulk and the wall absorbs all the particles. If w is decreased below w.(k),
all the particles are still at the wall and the density remains a delta function at the wall,
ie.,

oy, w) =6(w—y) for w<w.(k). (3.60)

To determine the critical value w.(k), we first note that the support length Li(w) =
I(w) + I (w) = 0 at w = w.(k). Using lx(w.) = —lx(w,) in Eq. (3.53) gives ly(w.) =
—w,/(k+2). Substituting this value in the expression of Dj(w) in Eq. (3.54) and setting
Di(w.) =1 gives

(k +2) [k(k + 1|72

ck:
we(k) k1

(3.61)

Since —2 < k < —1, w.(k) < 0. Note that in the limit £ — —1, w.(k) — —1, which is
indeed the left edge of the unconstrained scaled density [31,32].

Metastability and first-order phase transition. So far, we have assumed that the optimal
density profile for —2 < k < —1 is given by the ansatz in Eq. (3.40) which consists of a
disjoint bulk part and a delta-peak at the wall, separated by a hole in between. We will
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Figure 3.10: The optimal density is one of two different types pl(y,w) and plf(y,w)
defined respectively in Egs. (3.62) and (3.63). For w > w*(k), pi(y,w) is the optimal
density. For w.(k) < w < w*(k), the density pi(y,w) becomes metastable, while pi!(y, w)
represents the true minimum. Finally, for w < w,.(k), the solutions pi(y,w) and pl!(y, w)
merge with each other.

denote this solution by the superscript I and it reads
Py, w) = py(y, w)I[~lx(w) <y < lp(w)] + Diy(w)d(w —y) . (3.62)

We have seen that for w < w.(k) this density becomes a pure delta-peak located at
w, with w.(k) given in Eq. (3.61). This suggests that there could be a candidate con-
figuration for a minimum energy, denoted by a superscript I/, which consists of a pure

delta-function at w for any w, and not just for w < w.(k). It reads

! (y, w) = 0(y —w) . (3.63)

These two candidate configurations pl(y,w) and pl!(y,w) merge for w < w.(k). Hence
for w > w,.(k), one naturally wonders which one of these two configurations pf(y,w) and
pH(y,w) has the lower energy. To answer this question, we need to evaluate the energy
in Eq. (3.17) associated with these two density profiles and compare them for w > w.(k).
Let us denote the two energies by &/ (w) and &/ (w) respectively. The energy &7 (w) is
very simple and is given by just &/ (w) = w?/2. In contrast, the energy &!(w) has to be
evaluated from Eq. (3.42) with the substitution p,(y,w) = pi(y,w) as given explicitly
in Eq. (3.56) and Dy(w) = Dj(w) as given in Eq. (3.54). It is a bit hard to obtain
an explicit formula for & (w) but it can be evaluated numerically very accurately. The

results are shown in Fig. 3.9 for two different values of k. Surprisingly, it turns out that
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Figure 3.11: Plot of the critical wall positions w.(k) and w*(k) as functions of & in regime
3 —2 < k < —1. we(k) (black solid line) is given by Eq. (3.61) and w*(k) (blue dots) is
found numerically from the crossover location between the energies &/ (w) and &L (w) as
shown in Fig 3.9. We find that w.(k) < w*(k) for all =2 < k < —1 with w.(k) = w*(k)
only for k = —1.

there is yet another critical value w*(k) > w.(k) such that

2

& (w) < & (w) = when w > w*(k) (3.64)

& (w) > & (w) = when  w.(k) <w < w*(k) . (3.65)

eV

Thus for w > w*(k), the density pl(y,w) is the true optimal solution, while in the
intermediate range w,.(k) < w < w*(k) the solution pl!(y,w) (pure delta peak) turns out
to be the true minimum. Thus for w.(k) < w < w*(k) the solution pl(y,w) corresponds
to a “metastable” minimum. Numerically we find that, in this intermediate region, the
two energies &L (w) and & (w) are very close to each other (see Fig. 3.9. Hence to

summarise, the true optimal density profile is given by

.

oy w) for w>w(k).,

Py, w) = (3.66)

p(y,w) for w < w*(k).
\

These behaviors are summarised in Fig. 3.10. Thus we see that the system undergoes
a first-order phase transition at w = w*(k) where the true minimum density changes

abruptly from p! to p!! as w crosses w*(k) from above. A manifestation of this first-order
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phase transition can be observed in the order parameter defined as the amplitude of the

delta peak in the true optimal solution pj(y, w)

My (w) Di(w) , w>w*(k) (3.67)
1 . w<w (k).

For w > w*(k) it is given by Dj(w) in Eq. (3.54) associated with the density p/. When
w goes below w*(k) this amplitude undergoes a jump to 1 corresponding to the full delta
function p!’ in Eq. (3.63). In Fig. 3.8 we have plotted both Dj(w) associated with
the density p! and the true order parameter M (w) given in Eq. (3.67). Thus M (w)

undergoes a jump at w = w*(k), demonstrating a first-order phase transition.

In order to check this scenario numerically, we have performed MC simulations. We
have first determined w*(k) numerically by evaluating the energy of the solutions p! and
p'l. In Fig. 3.11 we plot w*(k) (numerical) and w.(k) (analytical from Eq. (3.61)) as a
function of k for —2 < k < —1. We observe that the difference between the two is rather
small but clearly w.(k) < w*(k). In fact, the difference between them vanishes as k — —1
(see Fig. 3.11. This is expected because we know from the exact solution of the case
k = —1 (1dOCP) that pi(y,w) is the exact optimal solution for all w [31,32]. To test the
metastability in the intermediate regime w.(k) < w < w*(k), we consider three different
wall positions (a) w < w.(k), (b) we(k) < w < w*(k) and (¢) w > w*(k) for k = —1.5.
For each wall position, we study two distinct initial conditions: (i) delta function and (ii)
a uniform density profile, and observe the steady-state profiles. In Fig. 3.12, we find that
for cases (a) and (c) the steady state profile is independent of the initial conditions and
converges respectively to pl!(y,w) and pl(y,w). On the other hand in case (b) the late
time profile (within the time scale of the simulation) depends on the initial conditions
— a typical hallmark of metastability. More precisely, if one starts with a delta function
profile, the late time configuration remains a delta function whereas if the initial profile
is uniform then the late time profile seems to stay closer to pl(y,w), within the time
scale of the simulation. This picture is thus fully consistent with our discussion that for

we(k) < w < w*(k) the density profile pi(y,w) is metastable and the true minimum is

given by pi' (y,w).
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Figure 3.12: In this figure we study the metastability of the extended profile in the
region w.(k) < w < w*(k) for k = —1.5. For this value of k, w.(k) = —0.563 and
w*(k) = —0.441. The figure is divided into three columns corresponding to the three
regimes (a) w = —0.6 < w.(k), (b) w.(k) < w = —0.5 < w*(k) and (c) w = —0.2 > w*(k).
For each column, the insets of the top row and the bottom row indicate two different
initial conditions (a delta peak and a flat density) while the main figures show the final
configuration after a large number of MC steps. In columns (a) and (c) we see that
the final configurations in the top row and in the bottom row are qualitatively similar,
indicating the irrelevance of the initial conditions. In contrast, in column (b) the final
configurations in the top and in the bottom row corresponding to two different initial
conditions seem to lead to different final configurations, within the time scale of the
simulation. This dependence on the initial condition is a signature of metastability in
the region (b).

3.4 Conclusions

In this chapter, we have studied the average density of a harmonically confined Riesz gas
[see Eq. (2.1)] of N particles for large N in the presence of a hard wall located at W. We
have computed exactly this average density in the limit of large N. This density can be
classified into three different regimes of k, as depicted in Figs. 2.3 and 3.1. For k£ > 1,
where the interactions are effectively short-ranged, the appropriately scaled density has
finite support over [—l;(w),w] where w is the scaled position of the wall. While the
density vanishes at the left edge of the support, it approaches a nonzero constant at the

right edge w. For —1 < k < 1, where the interactions are weakly long-ranged, we find that
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the scaled density is again supported over [—lj(w),w]. While it vanishes at the left edge
of the support, it diverges at the right edge w algebraically with an exponent (k —1)/2.
For —2 < k < —1, the interactions are strongly long-ranged, leading to a rather exotic
density profile: here the density has an extended bulk part and a delta-peak at the wall
and they are separated by a hole for —2 < k£ < —1. Interestingly, we find that there is
a first-order phase transition at a critical value w = w*(k) such that for w < w*(k) the
optimal solution changes its nature. It consists only of a delta peak at the wall, i.e., the
wall essentially absorbs all the particles and there is no extended part. The amplitude of
the delta-peak M (w) plays the role of an order parameter that undergoes a jump to a

value 1 as w is decreased through w*(k).

Our derivation can be straightforwardly generalized to other forms of external confin-
ing potential, for e.g. |x|° with any positive and real . Note that our study corresponds
to 0 = 2. In this case, depending on the value of d, we expect the system to have: (1)
short-ranged interacting, (2) weakly long-ranged interacting and (3) strongly long-ranged
interacting regimes as mentioned in the introduction. It would be interesting to study
how the transitions in the shape of the density profile appear as one goes from one regime
to another and also how these density profiles get modified in the presence of a wall. Note
that for a potential |x|°, to confine the particles, we must have k > —§. Now, by def-
inition, the strongly long-ranged interaction exists in the range —9 < k < —1. Hence,
the strongly long-ranged phase exists only for 6 > 1 where the range k € [—¢,—1] is

non-empty.

As mentioned in the introduction, the cumulative distribution of the position of the
right-most particle z .y is closely related to this density profile in the presence of a wall in
the large N limit [see Eq. (3.1)]. Therefore the results obtained here will be an essential
ingredient to compute the probability of large deviations of z,,, for any k& > —2. Indeed,
this large deviation behavior of x,,,, has so far been computed only for two specific values
of k, namely k& — 0 limit [22,23] and k = —1 [31,32]. The k£ — 0 limit, also describes the
large deviation behaviour of the largest eigenvalue of random matrix from the Gaussian
ensemble. In this case, it is known that when the wall hits the right edge [, of the
unconstrained density (p%.(y)), it is accompanied by a third-order phase transition, where
the third derivative of the large deviation function has a discontinuity [25]. Interestingly,

a similar third-order phase transition occurs also for £k = —1 [31,32]. It will be interesting
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to investigate whether this transition remains third-order for other values of k [59]. We
study this problem in the next chapter.

This chapter describes the study from the following published work, Ref. [60]:

J. Kethepalli, M. Kulkarni, A. Kundu, S. N. Majumdar, D. Mukamel, G. Schehr,
“Harmonically confined long-ranged interacting gas in the presence of a hard wall”, Jour-
nal of Statistical Mechanics: Theory and Experiment 2021 (10), 103209

Remark: In the following published article Ref. [60], we have expressed the scaled
variables with a tilde and unscaled variables without a tilde. However, to make notations
consistent throughout the thesis all the scaled variables are without tilde and the unscaled

variables are with tilde.
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Chapter 4

Edge fluctuations and third-order

phase transition

4.1 Introduction

Understanding the properties of interacting many-particle systems has been a subject of
immense interest in both physics and mathematics. Examples of such systems range from
sand-pile [101] to neural networks [102], electrons in metal and quantum liquids [103] to
finance [104], Big-data [105], charged particles [11] and gravitational systems [3] to name
a few. While collective phenomena are widely studied in many of these systems, recently
there has been a growing interest in investigating the local properties such as fluctuations,
correlations, and extreme value statistics (EVS). With recent developments in experimen-
tal techniques, it has become possible to probe the physics at a microscopic scale such
as in cold atoms [56-58] and ions [13]. Often the physics becomes even more interesting
and exotic when the interactions become long-ranged in such systems. Therefore, there
is a growing need to study the properties of long-range interacting systems. A suitable
and promising platform for such a study is the family of confined Riesz gas [17] models
with the energy function given in Eq. (2.1).

In the previous Chapters, we discussed the density profile of these particles in thermal
equilibrium has a finite support [45,60]. In this chapter, we study the fluctuations of the
position xy. of the rightmost particle. In Fig. 4.1, a schematic plot of the observable
Tmax 18 shown. This question falls under the paradigm of EVS of correlated variables [98].

Such questions have been studied in several contexts, for example, random matrix theory
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L1XoX3 X Lmax

Figure 4.1: Schematic plot of the observable z,,x = max(z1,x2, z3..,2y), the position of
the rightmost particle, where x; is the position of i-th particle. In this chapter, We study
the fluctuations of x ., for the harmonically confined Riesz gas with the energy function
given in Eq. (2.1).

(RMT) [25,89,90,106], the lowest energy modes in ultracold gas [107], highest energy
barrier in disordered systems [108], height fluctuations in interface problems [109-111]
and binary search problems [112] to name a few.

In the context of RMT, the position x,,, of the rightmost particle corresponds to the
largest eigenvalue Ay.x of a N x N random matrix. For random matrices chosen from
Gaussian ensembles characterized by the symmetry class parameter § = 1,2, 4, the joint

distribution of the real eigenvalues {1, Ao....Ax} is given by [19, 20,23, 25]

P = Zioexp <—§ (ZA?—Zln\)\i—)\jO), (4.1)
@ 1#]
where 7 is a normalization constant. This distribution can be interpreted as the Boltz-
mann weight of NV particles with positions x; = ); interacting via logarithmic potential.
This system of particles is known in the literature as Dyson’s log-gas [20]. Note that this
system corresponds to taking k& — 0 limit of the Riesz gas [Eq. (2.1)] after the substitu-
tion J — Jy/k. Hence, we use subscript “0” in Eq. (4.1) and set Jy = 1. It is well known
that for large N the particle (or eigenvalue) density is given by Wigner semi-circle law

1.e.

o= (A wi _ LTy
) = e fo () with o) = VI (42)

with the support A € [—v2N,v2N] [18,21]. The largest eigenvalue Ao = max;<i<n{A;}
represents the position of the rightmost particle of the log-gas. The statistics of Apay 1S

well understood [22,23,25,89,90]. In particular, the average of A\y.y is given by the
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upper edge of the Wigner semi-circle (An.x) = V2N. The typical fluctuations around

max max

this mean are known to scale as oy = = \/()\2 ) — (Amax)? ~ N—5 and are described
by the Tracy-Widom distribution F4(y) = ffﬁ(o)l, where the superscript ‘(0)’ refers to
the limit £ — 0 [89,90]. The distribution of atypically large fluctuations of Ajax of
O(v/N) on both sides of the mean (left and right) are described by appropriate large
deviation functions (LDF). A schematic plot of this distribution is shown in Fig. 4.2a.
The cumulative distribution function (CDF) of the scaled variable Mmax = Amax / VN is
given by [22,23,25,89,90,113]

;

e~ AN?2-(w0) 2—w~O0(1)
Prob. [Amas < w, N] & { 70 (\/§N (w— \/é)) V2 — w| ~ O(N~3) (4.3)
e_/BNCI)Jr(va) w — \/§ ~ 0(1)7

\

where ®_(w,0) and &, (w,0) are, respectively, the left and the right LDF. The 0 in the
argument of the LDF indicates that the log-gas corresponds to Riesz gas in Eq. (2.1) in
the limit £ — 0. These functions have been explicitly computed and are given by [22,23]

|
@ (w,0) = o [36w2 —wt — (15w + wP)VaR + 6 + 27 <1n 18 — 2Infw + vV + 6])} ,

(4.4)

for w < /2 and [113]

1 — V=2
O, (w,0) = §w\/w2 —2+1In %, for w > v/2. (4.5)

The large deviation behavior is different for w > V2 and w < /2. This difference is
manifested as a thermodynamic phase transition if one considers the free energy density

given by

- d_(w,0), w<2
) - (4.6)

1
lim —— log (Prob.[AmaX < w, N]

00 2
N= N 0 w > \/5

Since ®_(w,0) ~ (V2 — w)3 as w — /2 from Eq. (4.4), the third derivative of the

free energy with respect to w is discontinuous at w = /2. This implies that the system
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Figure 4.2: Schematic plot of the probability density function (PDF) of (a) the largest
eigenvalue in RMT (Dyson’s log-gas) and (b) the position of the rightmost particle in
the 1dOCP, along with the respective density profiles. The PDF of the position of the
edge particle in these cases is divided into three parts — typical (black) in the central
part and, left (red) and right (green) large deviations. We show in this chapter that such
representative pictures also hold for the harmonically confined Riesz gas with —2 < k <
0.

undergoes a 3'¢ order phase transition, from a phase (w > /2) in which the rightmost
particle is pulled out from the bulk to the right of w = v/2 (pulled phase) to a phase
(w < v/2) in which all the particles are pushed to the left of w = v/2 (pushed phase) [25].
Recall that w = v/2 is the right edge of the scaled density of the particles.

A similar transition has also been observed in the 1d one component plasma (1dOCP)

confined by a harmonic potential. The energy function in this case is given by

N N

Blfr) = 35— 23 - a), (4.7
i i#]

where x;’s are the particle positions and J is the strength of the repulsive interaction.

Note that this corresponds to k = —1 of the Riesz gas model Eq. (2.1). Here the average

thermal density profile is flat and is given by

pv(@) = S () where faly) = . (4.8)

with the support z € [-NJ, NJ]. The statistics of the position of the rightmost particle
ZTmax has been studied recently [31,32,37,114]. Tts average is (Zmax) = NJ and its typical
fluctuations are O(1) and are governed by the CDF gﬁ(_l)(x) which is a solution to a
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non-local eigenvalue equation

%rfﬁ(—” (z) = A(J) e—ég’g—” (z +2J), (4.9)

where the eigenvalue A(.J) is determined by satisfying the boundary conditions 9%(_1) (—o0)
0, 9’5(71)(00) =1land 0 < 9“6(71)(:15) < 1 for x € (—o0,00). The distribution of atypical
fluctuations (of O(N) from the mean) governed by the LDF & (w, —1) are also well un-
derstood. A schematic plot of the PDF is shown in Fig. 4.2b. The CDF of the scaled

variable Ymax = Tmax/N is given by

(

e AN (w,-1) J—w~ O(1)
Prob.[ymax < w] & 9;3(*1) (N(w—=J)+J) |w—=J ~O(NY (4.10)
e~ AN @4 (w,1) w—J ~ O(1).
\

The LDF are given by [31,32]

“’7—1—J— for w<—-J

d_(w,—1) = 36 (4.11)
% for —J <w < J,
_ 2
O, (w,—1) = M (4.12)

Analogous to the log-gas case [Eq. (4.3)], for the 1dOCP also the large deviation functions
exhibit different behaviors to the left and right of the mean position (ymax) = J. Once
again this difference gets manifested as a pulled-to-pushed phase transition at w = J.
Interestingly the order of the phase transition is also 3 because ®_(w, —1) ~ (J — w)® as

w — J from Eq. (4.11) [32].

There are many physical problems where these pulled-to-pushed types of phase tran-
sitions have been investigated. For example, such transitions have been observed in spin-
glass [115], wireless telecommunication [116], chaotic cavities [117-120], entanglement in
bipartite quantum systems [121-123], random tilings [124] and non intersecting Brownian
excursions [125,126] to name a few (a review can be found in Ref. [25]). Since these sys-
tems are often related to RMT, the third-order transition is attributed to Dyson’s log-gas

and its variants. Another family of models different from log-gas which also exhibit such
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third-order phase transitions are confined particles in d dimensions interacting via d di-
mensional Coulomb interaction potentials (V' (r) is |r|,log(r) for d = 1, 2 respectively and
V(r) = 1/r®2 for d > 2) [127,128] and Yukawa potentials [129]. In fact, similar phase
transitions were already identified in the context of large-N gauge theories and are well
known as Gross-Witten-Wadia [130, 131] or Douglas-Kazakov [132] phase transitions.

The third-order phase transitions in all the above studies are either rooted in RMT
or Coulomb interaction. In this chapter, we investigate the extent of this universality
in models that do not fall in either of the above two classes and focus on the Riesz gas
family of models which has repulsive interactions of the form V(r) oc |r|=*.

We study the large-deviation properties of the distribution of the position of the
rightmost particle of the harmonically confined Riesz gas model with general £ > —2.
We obtain the explicit expressions for the left and the right LDF ®_(w, k) and ®, (w, k),
respectively. We find that for these models also the properties of large deviations get
manifested as a pulled-to-pushed phase transition. Remarkably, we show that the third-
order phase transition persists Vk > —2, thereby demonstrating the universality even
beyond RMT and Coulomb class of models. We also study the system size scaling of the
typical fluctuations numerically and we find that the commonly used “Lifshitz argument”
is valid only for special values £k = —1 and £ — 0. In addition, we also show that the
appropriate Hessian theory predicts the scale of the typical fluctuations remarkably well.

The rest of the chapter is organized as follows. In Section. 4.2 we provide a summary
of our results. The derivation of results is given in Section. 4.3. We conclude our findings
along with an outlook in Section. 4.4. Additional details of our analytical and numerical

results are relegated to A.2, A.3 and A.4.

4.2 Summary of the results

We study the distribution of the typical and the atypical fluctuations of the scaled position
Ymax Of the rightmost particle for different k. The typical part of the distribution is studied
numerically and the atypical part is studied both analytically and numerically. We show
that the atypical fluctuations are described by the appropriate LDF. The mean of the
rightmost particle is given by the upper edge of the support of unconstrained density

[Eq. (2.20)], which in scaled variable ymax = Tmax/Ln is given by (Ymax) = lue Where [, is
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Figure 4.3: Behavior of 7, [Eq. (4.20), disks] and the exponent a,(f) of the mean gap
at the edge [Eq. (4.22), squares|, as a function of k is plotted here. The exponent 7
for different values of k are obtained by fitting the data for agmax with IV [See Fig. A.1
and A.2] obtained numerically (MC) for the confined Riesz gas [Eq. (2.1)]. The exponent
a,(:) is obtained similarly. We notice that a,(:) obtained from numerics agrees with the one
obtained from the Lifshitz argument (dashed red line) given in Eq. (4.21). Green stars

represent the exponent 71 obtained by numerically inverting the Hessian matrix [see

Eq. (4.26) and Eq. (4.27)]. We also find the exponent nlihMC) [See Fig. A.2 and A.2] from
the MC simulations of the Hessian hamiltonian [Eq. (4.24)]. It is interesting to note that
the value of the exponent extracted from the three different approaches is in excellent
agreement with each other (1, = n,ihess) = n,ghMC)). The solid blue line represents the
conjecture for 7y, for —2 < k < 0 given in Eq. (4.30) (where the superscript “c” indicates
our conjecture). The agreement between this conjecture and the MC simulation results

is excellent. The parameters used in these simulations are 7"=1 and J = 1.

given in Eq. (2.19). For large but finite N, ynayx fluctuates from sample to sample and we

numerically observe that the standard deviation o, = \/(¥2.) — (Ymax)? describing the
typical fluctuation is of order N~ It is known that, for inverse temeprature 5 = O(1),
for the Dyson’s log-gas 1y = 2/3 [20,25], for the 1dOCP n_; = 1 [31, 32] while for the
Calegoro-Moser system 7, = 5/6 ! [133]. We have computed 7, numerically for different
values of k£ via Monte-Carlo (MC) simulation using the Metropolis-Hastings algorithm
and the results are shown in Fig. 4.3. By expanding the energy around the ground state
and truncating it at bilinear order, as is done within the Hessian theory, we find that

the resulting exponent of the variance fits the numerically obtained exponent remarkably

IThe values of ng [20,25] and 1_1 [31,32] are analytically established whereas that of 7 is numerically
established [133].
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Figure 4.4: Typical distribution of yy.x for various values of k. We notice excellent data

collapse, when we plotted oy, Pk(Ymax) versus the scaling variable (Ymax — (Ymax) )/ Tymas -
Here the values of 0, and (ymax) were extracted from the data (therefore no fitting

parameter was used).

well. Further, we provide a conjecture [Eq. (4.30)] for the explicit k& dependence of 7, for
k < 0 based on scaling arguments. Fig. 4.3 demonstrates an excellent agreement between
our conjecture and numerical data. We observe an excellent collapse for the typical part of
the distribution in terms of the scaling variable Jmax = (Ymax — (Umax))/Tymax (s€€ Fig. 4.4).
This implies that the CDF has scaling form Prob.[ym.. < w] = 9’;’“) (N (w — ly)) for
large N in the typical part of the distribution i.e. |w —l,c| < O(N~"). The fluctuations
larger than this scale i.e. |w — ly| ~ O(1) are atypical fluctuations which are described

by the left and the right LDF ®_(w, k) and ®, (w, k) respectively. The CDF has the form

(
e BN 1D (w.k) loe —w 2 O(1)

Prob. [max < w] & § F (N (0 — 1,0)  |w — Ly S O(N"™) (4.13)

1 — e BNk (w,k) W — lye Z 0(1)7
\
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Figure 4.5: (a) Plot of the exponent e, , that governs the asymptotic behavior of the left
large deviation function given in Eq. (4.50) for & > 1, Eq. (4.60) for —1 < k < 1 and
Eq. (4.73) for —2 < k < —1. (b) Plot of the exponent €] characterising the asymptotic
behavior of the right LDF which is 1 for £ > 1, and is given in Eq. (4.61) for —1 < k < 1
and Eq. (4.74) for =2 < k < —1.

| Regimes | ¢ | ¢ | O_(w, k) \ O, (w, k) |

E>1 2+ 17 1 [ Eq. (447), Fig. 4.8a | Eq. (4.48), Fig. 4.8b
—-1<k<1 3 | &% | Eq. (4.55), Fig. 4.9a | Eq. (4.56), Fig. 4.9b
—2<k<-1| 3 |[%%]Eq.(4.69), Fig. 4.10a | Eq. (4.71), Fig. 4.10b

Table 4.1:  The table summarizes the exponents e that characterize the asymptotic
behavior of left and right LDF respectively. The reference to the expressions together
with the corresponding plot of the LDF in various regimes of k are also provided.

where «y, is given in Eq. (2.6) and equivalently the PDF is given by

(
o~ BN TLD_ (w k) lue —w 2 O(1)
— ~ k ! -
P s = 0] % NG (N0 (10— 1) o — el SON™) (410
e~ BNk D (w,k) w— Iy 2 O(1).
\

It is worth reminding that for £k — 0, Sfﬁ(o)/(z) is the Tracy-Widom distribution while
for k = —1, 9"5(_1)(z) is the solution of Eq. (4.9). As mentioned above for general k, we
provide numerical evidence supporting the existence of the scaling distributions Ifﬁ(k)(z)
for other values of k (see Fig. 4.4).

We have analytically studied the probability of the atypical fluctuations characterized
by the LDF & (w, k). We have obtained explicit expressions of these functions given in
Eq. (4.47) and (4.48) for k > 1, Eq. (4.55) and (4.56) for —1 < k < 1 and Eq. (4.69)

and (4.71) for —2 < k < —1. These explicit expressions are one of our main results.
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Another important result of our study is the observation that for general k also, the
PDF behaves differently for w > [, and w < [, (as seen in Dyson’s log-gas and the
1dOCP) which again leads to a phase transition at the w = l,.. This transition can be

seen from the behavior of the free energy (discussed later in the Section. 4.3.2), namely

. 1 O_(w, k), w<ly
A}linoo ~Nzartl log (Prob. [ymax < w]) = (4.15)
0 w > lye,

across w = ly.. The nature of the transition is determined by the asymptotic behavior of

the left large deviation function as w — {7,
O_(w, k) ~ (lye —w)%, (4.16)

where the exponent e, determines the order of the transition. The asymptotic behavior

of the right large deviation function as w — [}°" is given by
<D+(U}, k) ~ (w - luC)ez—' (417)

In Section. 4.3 we compute the exponents e, Vk > —2 analytically. The values of these
exponents are presented in Table 4.1 and a representative plot is given in Fig 4.5. In the
regime —2 < k < 1, we find that the order of phase transition is 3, since ¢, = 3. In
the regime k > 1, e, = (2 + 1/k), which implies that the third derivative of ®_(w, k)
is discontinuous and hence the system undergoes a third-order phase transition (because
[2+1/k] = 3, for £ > 1 where [.] represents the ceiling function) according to the
Ehrenfest classification [134,135]. This leads to the remarkable finding that Yk > —2 the

system exhibits a third-order phase transition 2.

2 Alternatively, the Ehrenfest classification [134,135] can be generalized by extending the notion of

normal derivatives to fractional derivatives [136-138] - -w’ = F[l;[f:i] wb~%, with a,b > 0. If one goes

by this classification the order of phase transition is (2 + 1/k) for k& > 1.
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4.3 Distribution of x,.«

We start with the CDF of z,,x = max;<,<y z;, namely

Z(W)

PrOb.[Imax < W] == PI‘Ob[{fIJZ < W}Z’]\ihﬁa N] = 7 (W N OO)’
k

(4.18)

where, the partition function Z; (W) is given by

ZL (W) = /W dxy ... /W dxy exp (—ﬁEk({xz})> ) (4.19)

o0 o0

with Ejy({z;}) given in Eq. (2.1). This partition function can be interpreted as the
partition function of the original Riesz gas in the presence of a hard wall at x = W.
Recall that we studied this partition function in the previous chapter 3. For k£ — 0 and
k = —1, these multiple integrals can be computed in the large N limit. It has been shown
that this integral is related to the solution of Painlevé equation for £ — 0 [89,90] and a
non-local eigenvalue equation for k = —1 [31,32]. For other values of k, performing these
multiple integrals analytically remains an open and challenging problem. We therefore

resort here to direct numerical simulations to compute the typical part of the distribution.

4.3.1 Distribution in the typical region

In this section, we discuss the distribution of Ymax = Tmax/Lny. To compute this dis-
tribution numerically we perform conventional MC simulations using the Metropolis-
Hastings algorithm for different values of k£ from the three regimes mentioned previ-
ously (k > 1, -1 < k < 1 and —2 < k < —1). For each value of k, we perform

simulations for N = 64,128,256,512 and also compute the (yn..) and the variance

2

Ymax

= (Y2.) — (Ymax)?. As argued before, we expect (Ymax) = luc, for large-N, which
is indeed corroborated by our simulations. Furthermore, we find that for large N, o, ..

scales as
Oy ~ N7 with n, > 0, (4.20)

as shown in Fig. A.1 in A.2. In Fig. 4.3 we plot 7 as a function of k£ where we observe

that 7y is interestingly non-monotonic.
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One naturally wonders how this fluctuation of y,., compares with the mean of the
separation between the scaled positions of the rightmost and the second rightmost par-
ticles denoted as (Aeqge). The N dependence of this average separation at the edge can
be obtained using the “Lifshitz argument”, which is frequently used in extreme value

statistics [25,98]. According to this argument

luc

N dy puc(y) =1, (4.21)
luc7<Aedge>
which essentially says that there is only one particle between the positions lye — (Aedge)

and [,.. This equation implies

e . 1
(Aege) ~ N7 with ) = . (4.22)

where v, is given in Eq. (2.19). Our numerical data (squares) for (Aeqge) verifies this
result in Eq. (4.22) as shown in Fig. 4.3. It is usually assumed that the average edge
gap provides the scale for the fluctuations of y,.x. This has been confirmed for Dyson’s
log-gas (kK — 0) and the 1dOCP (k = —1). Interestingly, our numerical results in Fig. 4.3

show that this assumption 7, = a,(:) is not true for other values of k.

We now look at the distribution of the typical fluctuations (of order ~ o, ) for
different values of k. In Fig. 4.4 we plot oy, Poum(Ymax) Obtained numerically as func-

thIlS Of ymax_<ymax> (
ag

Ymax

where the subscript “num” represents the distribution obtained from
numerics). The excellent data collapse for different values of N indicates the following

scaling behavior for the typical part of the distribution
P Wmax = w] = NG (N (0 — 1)), for [w — L] S O(N™™), (4.23)

as announced in Eq. (4.14). However, this scaling form is not expected to be valid
for larger fluctuations of yuayx of O(1) around its mean. For this one needs to study
the atypical fluctuations which is done in Section 4.3.2. Below we first provide some

understanding of the exponent 7, using a Hessian theory and a scaling argument.
Estimating the exponent ny

Hessian Approach: Since the inverse temperature § ~ O(1), one would expect that
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the small fluctuations of ., around its mean can be described by making a quadratic
approximation of the Hamiltonian characterized by a Hessian evaluated around the min-
imum energy position configuration y = zf/Ly for ¢ = 1,2,..N. This configuration
{27} can be obtained by minimizing the energy function in Eq. (2.1) numerically using
the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm [139,140]. Under the Hessian

approximation, the Hamiltonian takes the form
N
n n * 1 * *
En({zi}) = En({zi}) + 5 > Hij(wi — ) (w; — 7). (4.24)
ij=1
where the Hessian matrix is given by

821:7;6({931-})} _ 6~~[
axzﬁxj {zf} "

- | " Js(gn(ﬁ)k(k 0] IPREL TULUER)

:1) k+2 (l‘;k o x;)k-l—Q

n#i
(4.25)

The above Hessian approximation is justified when the standard deviation (oa, where
A; = zi41 — x;) of the i*" bond is smaller than the mean length of the bond ((A;)) i.e.
the relative fluctuations are very small (oa,/A; < 1) at a given temperature and system
size N. We can investigate the properties of interest using the Hessian Hamiltonian
[Eq. (4.24)] as a starting point. In other words, one can perform MC simulations for the
Hessian Hamiltonian [Eq. (4.24)], which in principle allows for crossing. However, in the
temperature regime considered here, such events are very rare. Thus, assuming that the

particles stay ordered, the variance of yy.x = xn /Ly is given by

o = — (4.26)
Y L?\T
where H~! is the inverse of the matrix H. We numerically perform this inversion and

find that o, .  has the following N scaling:

(hess)

Oy ~ N7 (4.27)

We compare this exponent n,ghess) (obtained by inversion of the Hessian matrix) with the

exponent obtained using MC simulations of both the original confined Riesz gas [Eq. (2.1)]

denoted by 7 [Eq. (4.20)] and the Hessian Hamiltonian [Eq. (4.24)] denoted by n,(chMC)
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in Fig. 4.3. We observe an excellent agreement suggesting 7, = n,ghess) = n,ghMC). The fact
that n,(ghess) = n,ghMC) justifies the above assumption of almost non-crossing trajectories
of particles at O(1) temperature. While the Hessian theory along with the assumption
of an order implies the Gaussian form for the scaling distribution Sfﬁ(k)(z), the actual
MC simulation gives a non-Gaussian form as shown in Fig. 4.4, even though the scale
Oy ~ N =17 of the data collapse is provided by the Hessian theory. Our findings
therefore indicate that the Hessian theory (albeit an approximation) encodes some non-

trivial features of the underlying confined Riesz gas.

<ymax> = luc

Figure 4.6: The schematic plot shows the distribution of y,.x which is centred around
Ymax = lue- The typical part of the distribution is represented in solid blue color and is the
region where |w —ly.| < O(N7"). These fluctuations are quantified by o, .. ~ O(N""),
the standard deviation of y,... The atypical part of the distribution is described by the
left and the right LDF ®_(w, k) and & (w, k) represented by red and green solid lines,
respectively. We identify the length scales ¢; and ¢, where the typical distribution starts
having an exponential form described by the LDFs while still being of O(N?).

Analytical estimate of ny, for —2 < k < 0: To find an analytical estimate of 7, we look
at the relevant length scales present in the system. Two length scales ¢, and ¢, can
be identified by estimating the distance (measured from w = [, on the left and right,
respectively) at which the PDF starts having the exponential form while still being of
O(NY). In Fig. 4.6, we show a schematic of the two length scales. At these length
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scales the large deviation behavior characterized by LDF ®_(w, k) and &, (w, k) start
becoming valid. To identify ¢; we rewrite the probability in the left large deviation part
in Eq. (4.14) as

_ 2ak+1

€k
) ] , for w — ;" where {, ~ N & . (4.28)

—w

0

luc
g)k [ymax - U)] ~ exp [_6 <

In Eq. (4.28), we have used the asymptotic form of ®_(w, k) from Eq. (4.16). Note that
when we approach [, from w < [y, ¢; is the length scale at which the PDF in the left
large deviation regime becomes O(1) i.e Py [w = lye — £, N| ~ e PNER®-(wk)  O(1),
where Ly = N for k # 1 and ay is given in Eq. (2.6). Using a similar argument one

can estimate

ly~N <. (4.29)

For —2 < k < —1 and £ > 0 we find that ¢, < ¢ while for —1 < k£ < 0 we find that
¢; < £,. Notice that at the smallest length scale, the PDF described by the left and right
LDF is O(N?). If this length scale is required to describe the typical fluctuation of Ymax,
the LDF form of the PDF should smoothly match the tails of the distribution in the
typical regime. Assuming that such smooth matching occurs at this scale, we arrive at

the conjecture of the exponent

2o — 4 for —2<k<-1
77](:) _ e (k+2)(3—k) (4.30)
20,41 44k
ek,j - 3(1:;2) for —1<k<DO.

where we have used the values of e and e, which are calculated in Section. 4.3 and
summarized in Table 4.1. This conjecture in Eq. (4.30) (solid line) agrees remarkably
well with our numerical data as shown in Fig. 4.3. This excellent agreement (for k£ < 0)
verifies the presence of a single scale that smoothly connects the large deviation and the
typical fluctuation regimes. The existence of a single scale is consistent with the fact that
the field theory for k£ < 0 is exact (in the sense that there are no subleading corrections in
N) and there is just a single term of O(N?) (the double sum in Eq. (2.1) can be replaced

by a double integral without invoking the notion of principal value).

For k£ > 0, the argument based on the existence of a single scale connecting the
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large deviation and the typical regimes gives n,gc) =4/(k+2)(3—k) for 0 <k <1 and
n,ic) = 2k/(k + 2) for k > 1. We find that these values of the exponent for k& > 0 fail
to describe the typical fluctuations. This is probably because the field theory for £ > 0
has the subleading corrections (higher order derivatives in density) in N, including the

correction due to entropy. This could lead to multiple intermediate scales.

4.3.2 Distribution in the atypical region

The formal expression for the distribution of Y.y is given in Eq. (4.18), where the par-
tition function Z;(W) is a N-fold multiple integral in terms of the microscopic variables
x;8. One can compute this integral using the coarse-graining approach— by converting
it to a problem of functional integration over the density profiles as described in the
previous chapter 3, see Eq. (3.14). We find that the partition function is given by [see
Eq. (3.18)]

Zu(wLy) = Cy / i / Dlp] exp [ BBNSk [p(w).p] +o(Bx)],  (431)

where Cly is given in Eq. (3.20) and the action X [p(y), u| is given by

Selptw)on = (&ulot] = ([ duot)=1)) | (132)

with & [p(y)] given in Eq. (3.17). Note that, we have considered 7" ~ O(1), but at
high temperatures 7' ~ O(N?%), the energy and entropy terms become comparable and
the free energy controls the value of the partition function in Eq. (4.31). The integral
in Eq. (4.31) can be performed using the saddle point method in which one requires to
minimize the action ¥i[p(y), 1| in Eq. (4.32) to find the saddle point density pi(y, w)

and the chemical potential p}(w). The saddle point equations then read

0%k [p () , 1] —0 (4.33)
5p (y) p(y)=pj) (y,w)
p=p (w)
op p(y)=pj(y,w)
p=pj (w)
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Note that the second equation above is precisely the normalization condition

/ dy pp(y, w) = 1.

—0o0

Solving the above two equations (4.33) and (4.34) satisfying the normalization condition,
one finds pi(y, w). In the limit N — oo, the saddle point density pj(y,w) is the average
density of the particles of the Riesz gas in the presence of a hard wall at W = wLy. In the
previous chapter 3, explicit expressions for the saddle point density pj(y,w) (hereafter

called constrained densities) have been obtained for all values of k£ > —2 [60].

Substituting this saddle point density in Eqgs. (4.31) and (4.32), one finds the partition
function Z,(W) in Eq. (4.19) as Zy(W) ~ exp [-BBnéE [p;(y, w)]] where the (scaled)
energy functional is given in Eq. (3.17). Hence, using Eq. (4.18), the CDF of the position
of the rightmost particle is given by

Prob.[zm.x < wLy, N| = exp [ BN (& [} (y, w)] — &k [p)(y, w — 00)])], (4.35)

where w = W/Ly represents the scaled position of the wall. Notice that in the limit
w — 00, the saddle point density pj(y, w) corresponds to the density of the unconstrained
gas i.e. in the absence of any wall. As mentioned earlier, this unconstrained density
pi(y) = pi(y,w — oo0) was computed in Ref. [45] where it was shown to be given by
Eq. (2.18).

Note that if the wall is placed outside the support of the unconstrained density (i.e.
w > ly) the density profile remains unchanged because p?.(y) has finite support [—lyc, luc)-
In other words, p}(y, w) = pi.(y) for w > [, since the effect of the hard wall is noticeable
only when w < [,.. Consequently, the right-hand side of Eq. (4.35) can not describe
the probability distribution of yyax for Ymax > lu. In this case, one needs to employ a
different method to find the CDF of ... This is expected since, intuitively, one would

anticipate different energy costs for creating a fluctuation with ymax < lue and Ymax > lue-

To compute the PDF for yyax > lue, we follow the procedure described in Ref. [113].
In Ref. [113] it was argued for Dyson’s log-gas that for large NV the dominant contribution
to the PDF for 9.« > Ly would come from the energy cost required to pull the rightmost
particle to the right of the right edge of the unconstrained density. Assuming the same

mechanism to hold for all values of k£ > —2 (which will be verified numerically later), we
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write

1 w T2 5
Prob.[zp.. = W, N| = Z/ dry_q.. / dziexp(—fEk(x1,xo,...,xn_1)) (4.36)

o0 —0o0

g [_5<K+5gn Do )]

(ool (v fug )

where Ej(x1, s, ..., xx_1) is given in Eq. (2.1) with N — 1 particles and it represents the
energy of the gas in the absence of the rightmost particle and the angular brackets (.)y_;
denotes the average with respect to N — 1 particle distribution. This average can be

computed as follows

Prob. [ = W, N] = /@ o1 (P [py—1(2)] X

exp {—5 (— + sgn(k N/d "szv_lﬂk)] , (4.38)

where the probability distribution functional of the density profile py_1(z) for N — 1

particles is

exp (—~BE[py-1()])

Plon_1(z)] ~ 7 : (4.39)

In the large-NV limit, Eq. (4.38) can be expressed in terms of the scaled variables as

exp (=ANLEE[p(y)]) |
Ly,

exp {—5 (L?VQW +sgn(k)NLy / ay—W) )} . (4.40)

lw — yl*

Prob.[Zma.x = W, N| = /@[P(?J)]

The integral in Eq. (4.40) is computed using the saddle point method. Extremizing the
exponent in Eq. (4.40) gives the saddle point density as p*(y) = pi.(y). Note that this
is the unconstrained density given in Eq. (2.18) and is obtained as the contribution of

exponent in the square bracket of Eq. (4.40) is subleading ~ O(L3%;) compared to the
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energy which is ~ O(NL3;). Using this saddle point density in Eq. (4.40), we get
w? — 1,2
Prob.[Tmax = wLy, N] = exp | — BL3, Tuc

sgn(k)N /l“ . 1 1
+ = dylouc ) - .
pr | W T T

The expressions in Eqs. (4.35) and (4.41) suggest the following large deviation form of
the CDF of Ymax = Tmax/Ln

(4.41)

exp(—BBNP_(w, k)), for [, —w > O(1
Prob. [ymax < w] & ( we-( ) M) (4.42)

1- eXp<_6L?\/’q}+(w7 k))? for w — luc > 0(1)7

in the large N limit, where By and Ly are given in Egs. (3.16) and (2.6), respectively.
The LDF is given by

O_(w, k) = & [pr(y, w)] — & [PL(y)], (4.43)

w2 _ lucz luc

. w.h) = (5 ) smnwen - ) [ duito) (o - )

Here the scaled energy functional is given in Eq. (3.17). The form of the saddle point

densities pj(y,w) and pf.(y), in the presence and the absence of the wall, respectively,
depends explicitly on k. Therefore the form of the LDF as well as the exponents e}
characterizing their asymptotic behaviors near the wall, would also depend on k. In the
following, we compute the explicit form of the LDF and the exponents in the following

regimes (1) k> 1, (2) —1 <k <1 and (3) =2 < k < —1, separately.

Regime 1 (k > 1): Short-ranged interactions -

In this regime the interaction energy falls relatively fast with increasing separation, i.e. it
effectively acts as short-ranged. Consequently, the energy functional, given in Eq. (3.17),
is local in the leading order for large N. Using this functional in the saddle point equation

in Eq. (4.33), one finds that the density is given by [60] [see Fig. 4.7a and Eq. (3.24)]

Py, w) = Ay (k(w)> = ), —l(w) <y < w. (4.44)
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a) k=10.0

wall

le(w)

| wall

Regime 1 Regime 2

Hole

Figure 4.7: A plot of the scaled average density in the presence of wall p}(y,w) versus
y for the three regimes (a) k > 1, (b) —1 < k < 1 and (¢) =2 < k < —1. The blue
dashed vertical line indicates the left edge [—Ii(w)] of the support and the black solid
line represents the wall position w. In regime 1 the density is constant at the wall while
it diverges in regime 2. In both of these regimes, the density vanishes at the left edge. In
regime 3 the density has two disjoint regions, an extended bulk part [—lx(w) < y < lx(w)]
and a delta function at the wall position (shown by a thick solid vertical line). They are
separated by a hole region [l (w) < y < w] devoid of particles (shaded cyan region).

Substituting this form of the density profile in the normalization condition gives us an

equation for [;(w) expressed in terms of an auxiliary variable

w A (w)

mg(w) = Sp(w) for k> 1 and w < [, (4.45)

as

By + 1L+ 1) )a'“ _w (4.46)
(me(w);ye + 1, % + 1) ' '

luc

@mw) - 1) (5

We recall that in this regime v, = 1/k and ai, = k/(k + 2). The variable my(w) lies
in the range [0,1]. Solving Eq. (4.46) gives mg(w), which in turn fixes the left edge of
the support I (w) through Eq. (4.45). Note that in this regime the density at the wall is
finite.

Finally by substituting the density profile pj(y,w) in Eq. (3.17) we get the scaled
energy functional &[p;], which together with Eq. (4.43) allows to compute the LDF
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Figure 4.8: Regime 1 (k > 1): The numerical verification of the LDF &4 (w, k) given in
Eq. (4.47) and Eq. (4.48), respectively in panels (a) and (b). The rare events such that
|Ymax — luc| ~ O(1) are generated using the importance sampling method [141,142] and
the associated probabilities are computed from which the large deviation functions are
calculated numerically. The parameters used in the simulations are J =1 and § = 1.

®(w, k). We find the following explicit expressions (see A.3.1 for details)

_ e(w)? Ak
(P—(w, k') - Q(k——l—l) + B(mk(w),”ﬂc T 1) (B(mk(w),’yk + 3,7 + 1)
(4.47)
4w k) = % (4.48)

Here B(x,a,b) = [ s (1 — s)*"" is the incomplete Beta function.

Using an importance sampling method described in the A.4, we compute the probabil-
ity distribution Pyum(Ymax) Which includes the atypical part also. To extract the left large
deviation function we plot — log (Pnum(ymax)) /By as a function of Ymax — (Ymax). Sim-
ilarly the right large deviation function is extracted by plotting — log (Pnum(ymax)) /L%
as a function of Ymax — (Ymax). In Fig. 4.8, we compare the LDF obtained numerically
with our analytical expression given in Eqs. (4.47) and (4.48) and observe remarkable

agreement up to an overall translation on the x axis. This translation is an artifact of
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finite size effect, due to which (ynay) is slightly different from its theoretical value [, in
the thermodynamic limit.
We study the asymptotic behavior of ®_(w, k) as w — ;. From Eq. (4.46) we

obtain the asymptotic behavious of my(w) as w — [} as

loe — W
2l e

my(w) = 1 — + o(lye — w). (4.49)
Performing the series expansion about my(w) = 1 and using the approximation of my(w)

[Eq. (4.49)] we get from Eq. (4.47)

k2(20ue) % B(1 4 45, 1+ i)

O w k)~ S D+ 1)

- 1
(lye —w)* with e, =2+ o (4.50)

Hence the system undergoes a 3' order phase transition based on Ehrenfest classification.
The asymptotic behavior of @ (w, k) can be obtained by taking the limit w — [}t in
Eq. (4.48) and is given by

B (w, k) & lye (W — loo)™ with e} = 1. (4.51)
Regime 2 (—1 < k < 1): Weakly long-ranged interactions -

0.200
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O_(w, k)
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~1.0 —0.8 —0.6 —0.4 —0.2 0.0 0.0 0.5 1.0 1.5 2.0 2.5

2 — , - li(
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Figure 4.9: Regime 2 (—1 < k < 1): The numerical verification of the LDF &, (w, k)
given in Eq. (4.55) and Eq. (4.56), respectively in panels (a) and (b). The probabilities of
rare events such that |Ymax — luc| ~ O(1) are computed numerically from which the large
deviation functions are extracted. The parameters used in the simulations are .J = 1 and

8=1.
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In this regime of k, the interaction forces decay slower with increasing inter-particle
separation compared to the previous short-ranged regime. The energy functional in this
regime is given in Eq. (3.17) and is non-local in leading order for large N. Using this
energy functional in Eq. (4.33), we obtain the saddle point equation given in Eq. (3.28).
This Eq. (3.28) has been solved in the last chapter [see Eq. (3.38) and Ref. [60]] using

the Sonin inversion formula [100] and is given by [see Fig. 4.7b]

k+1 k-1
2

Py, w) = Ap(lg(w) +y) 2 (w—y) = (ik(w) — y) , for —l(w) <y<w, (4.52)

where Ij,(w) = $((k+1)l(w)+ (1 —k)w). Here, it is worth noting that the density at the
wall has an integrable divergence while it vanishes on the left edge —I;(w) of the support.
The quantity [, (w) is determined from the normalization condition fiﬂlk (w) Ph (y,w)dy =1

which leads to [60]

k43— 2g5(w)\ (208(w) 2+ k) = (E+3)\™ _w (4.53)
k41 k+1 e ’
where the auxiliary variable is
l l
gr(w) = M, for —1<k<1landw < ly. (4.54)

w + g (w)

We recall that ap = 1/(k + 2) [see Eq. (2.6)]. This equation is the analog of Eq. (4.46)
in the regime 1. This equation gives gi(w) for a fixed w, which is used to find the left
edge of the support [;(w) using Eq. (4.54). We use this saddle point density to find the
large deviation function given in Eq. (4.43). To do so we first need to calculate the scaled
energy functional & [p;] given in Eq. (3.17). We relegate some details of this computation

in the A.3.2. Here we present only the final expressions namely

o-w.8) =+ 20| (14 D ) - 1) T [
(4.55)
L)1 ) 1) st~y
EUESY Kk + 1) 1L+ k) k(k+4) |
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& (10, k) = (1,,)? 2We() ! — 1) = B2+ k55

(k+3)(k+5)(k+T7)
E+1 k+3 5—k _
2F1 [ - 9 ) 9 ) 9 71 - guc(w) 1}7 (456)

where gyc(w) = 2lye/(w + l,) and

b—l(l _ S)c—l—b

(1 —us)®

1
oF1la,b,c,u] = B(b,c — b)_l/ ds” (4.57)
0

_ i (@)n(B)n 2" (4.58)

is the hypergeometric function with (a),, = a(a+1)(a+2)...(a+n) being the Pochhammer
symbol. Note that g,.(w) is the ratio of the size of the unconstrained gas to that of the
constrained gas. These expressions of LDF are in excellent agreement with our numerical
results obtained using the importance sampling method [see A.4] as can be seen in Fig. 4.9.
As mentioned earlier the LDF describes the pulled-to-pushed type phase transition and
its nature is determined by the asymptotic behavior of LDF near the right edge of the

support of the unconstrained density.

To characterize this asymptotic behavior of LDF for w — [” we need to expand

gr(w) around w = l,.. From the Eq. (3.39) we observe that

k+1
gr(w) =~ 1+ (lye — w) + 0o(lye — w),
4luc
(4.59)
w — luc
Gue(w) =1+ )

2luc

We expand ®_(w, k) and @, (w, k) in powers of gx(w) — 1 and gu.(w)~! — 1, respectively
and then use these expansions Eq. (4.59) which give

k+2 -
_(w, k) ~ (1;; ) (loe — w)* with e = 3, (4.60)
2(1 — k)B (k + 2, =5 (L)~ —k
<I)+(w, k) ( ) ( 2 ) ( ) ’ (w — luc)e;: with 6;: = ST (461)

T 3A(k+5)(k +T7) k| B (52,1 — k)
The exponent e, = 3 suggests that the system undergoes a 3" order phase transition.
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Figure 4.10: Regime 3 (—2 < k < —1): The numerical verification of the LDF &4 (w, k)
given in Eq. (4.69) and Eq. (4.71), respectively in panels (a) and (b). The probabilities
of rare events such that |ymax — luc| ~ O(1) are computed from which the large deviation
functions are calculated numerically. In the simulation, we use the parameters J = 1
and 3 = 1073. It is easy to show that our field theory calculation remains valid at this
temperature since it satisfies the condition L3 > 1.

Regime 3 (—2 < k < —1): Strongly long-ranged interactions -

This regime is a bit more complicated since the constrained density has disjoint parts
namely a delta function at the wall and an extended part separated by a region devoid
of particles [60]. The divergence of the density at the wall seen in the previous regime
(see Section. 4.3.2) becomes a delta function. This is rooted in the fact that the particles
are allowed to sit in the same position. It turns out that due to the intricate interplay
between the repulsive interaction and the confining harmonic potential the fraction of the
particles tries to sit together at the wall. The rest of the particles then get pushed away
from the wall by “supercharge” resulting from the delta function. This creates a hole
between the delta function and the extended region [60]. This density profile is obtained
by solving the saddle point equations (4.33), which in this regime takes the form

2 w * !
i (w) = % + sgn(k:)/ dy’ % (4.62)
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This equation is solved in detail in the previous chapter 3 [see Eq. (3.8) and Ref. [60]]
leading to the result [see Fig. 4.7¢]

k+l — ki3
(w) +y)* (l(w) —y) 2 7 ;.
Ak( k(W) )(w _( Zg ) I[=lk(w) <y < l(w)]  + Dp(w)d(w —y),
N tvd - - “supe:gharge”
p;;(y, w) _ extende
for w > w.(k)
5w —y), for w < w.(k),

(4.63)

where I[a < z < b] represents the indicator function of the interval [a,b]. The amplitude

Ay is given in Eq. (2.20) and

(k +2) [k(k + 1)|F=
kE+1 '

we(k) = (4.64)

The other constants in Eq. (4.63) are expressed in terms of the position —I;(w) of the

left edge of the extended part of the density and are given by

- _ 2w+ (k + 1)lg(w)

Ik (w) 3 ; (4.65)
o () —w) (L) (k1) (w = L(w)\ T
Diw) = ] (k + 3) ( k+3 ) ' (4.66)

The constant Dj(w) represents the strength of the “supercharge” in the saddle point
density expression in Eq. (4.63). Note from Eq. (4.63) that [,(w) is the position of
the right edge of the extended part of the density. Since ;(w) < w, as can be seen
from Eq. (4.65), there is a region [(w) < y < w devoid of particles. A schematic
representation of the density is given in Fig. 4.7c. The value of [;(w) is determined from

the normalization condition which can be expressed in terms of the auxiliary function

o w A+ (w) B
hi(w) = o) + le(w)’ for —2<k<—1, (4.67)
(1 + (ha(w) — 1)2((:++12))) SR (L —(k +2), —%, L)) = (468)
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The details of the computation leading to Egs. (4.67) and (4.68) are given in A.3.3.

The scaled energy functional &g[p}] is obtained by substituting the density profile
Pi(y,w) in Eq. (3.17). Using this energy functional in Eq. (4.43), we compute the LDF
® (w, k) which is given by (see A.3.3 for details)

D_(w, k) = (lue)® 2F1[1, —(k +2), _¥ 1= hg(w)]” @[i_%
(“2)M+nk(wy
k(k+1) 4,60
— () 2L =R+ ), - M 1—hk(w)] (409
. oF[1,—(k+2),— kH By (w)]
k+5 o[l —(k+4),— k+1 — hi(w)] o k+2
Ak +4) yF[1,—(k+2), - k“ 1 — hi(w)] ™ () 2k(k +4)°

where,

o h(w) 11— hy(w)
ng(w) = To(w) 5t el (4.70)

The calculation for the right LDF is the same as in Section. 4.3.2, hence the expression

is the same as Eq. (4.56) i.e.

» 32(hj(w) ™t = 1)°% B2+ k, 355)
(k+3)(k+5)(k+7)

k+1 k+3 5k
2 7 2 7 2

(I)-i-(w? k) = (luc)

X oFy [ — 1= hi(w)™, (4.71)

where h}(w) = guc(w) = 2lye/(w + lye). Once again these LDFs are verified numerically
using the importance sampling method in Fig. 4.10 which demonstrates an excellent

agreement.

The asymptotic behavior of ®_(w, k) is obtained by performing the series expansion

about hy(w) = 1, namely

k+1l,—w
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Sbstituting this asymptotic behavior in Eq. (4.69) on finds

2k + 2)(k + 5)
(B4 k)2 (k= 1)(k = 3)lue

O (w, k)~ 3 (lue — w)™ with e, = 3. (4.73)
Hence in this regime also the system undergoes a 3'¢ order pulled-to-pushed phase tran-

sition. Finally, the asymptotic behavior of the right LDF is given by Eq. (4.61) namely

+

2(1 — k)B (k + 2, =) (Ipe) —k
( ) ( 2 )k( . ) (w— luc)e;: with e = 3— (4.74)
3Aw(k +5)(k +7) [k| B (52,1 — k) 2

q)+<w7 k) ~

4.4 Discussions and Conclusions

In this chapter, we investigated the fluctuations of the position of the rightmost (edge)
particle Ymax = Tmax/Ln of harmonically confined Riesz gas [Eq. (2.1)]. We studied both
typical and the atypical fluctuations of ..., separately. From numerical analysis, we
found that the typical fluctuations characterized by the variance scales as N 2" with
N. Similar to the scaling of the support, the exponent 7, associated with the variance
of Ymax, also depends on k non-monotonically as shown in Fig. 4.3. We have provided a
physical understanding of the k dependence of 7 based on Hessian theory and a scaling
argument. For —2 < k£ < 0, the assumption that the full distribution of ¥, has a single
length scale led us to conjecture an explicit expression of 7 given in Eq. (4.30). This
conjecture was tested against the MC simulations in Fig. 4.3 and we found remarkable
agreement. For £ > 0, we found that the exponent 1, matches extremely well with the one
computed from the Hessian theory [see Fig. 4.3]. For all k, we found that the distribution
of Ymax When shifted by mean and scaled by the o, ~ N7 exhibits a remarkable data
collapse leading to a scaling distribution which is non-Gaussian in general.

The atypical fluctuations to the left and right of the mean are described by the left and
the right LDF. We computed the explicit expressions for these LDF's in different regimes
of k. We found that their asymptotic behavior near the edge of the unconstrained density
is k dependent and shown in Table. 4.1 and Fig. 4.5. This difference is a consequence
of the different mechanisms by which the saddle point density of the gas gets modified
in the presence of a wall. A manifestation of this difference in the asymptotic behavior
of the LDF is demonstrated in terms of the analytic properties of appropriately defined
free energies which exhibit the third-order pulled-to-pushed phase transition Vk > —2.
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Therefore our results reveal a striking universality of the third-order phase transition in
a family of models that fall outside the paradigm of Coulomb systems and RMT. All our
results hold for temperature T' < L.

The extreme value statistics is an example of local observable as it studies the distribu-
tion of the rightmost particle. While it can be studied in experiments, global observables
are more robust. In the next chapter, we discuss the Full Counting statistics (FCS)
which is a global observable and study the fluctuations of the total number of particles
in a certain domain.

This chapter describes the study from the following published work, Ref. [59]:

J. Kethepalli, M. Kulkarni, A. Kundu, S. N. Majumdar, D. Mukamel, G. Schehr,
“Edge fluctuations and third-order phase transition in harmonically confined long-range

systems”, Journal of Statistical Mechanics: Theory and Experiment 2022 (3), 033203
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Chapter 5

Full counting statistics of 1d
short-range Riesz gases in

confinement

5.1 Introduction

The study of many-particle low-dimensional quantum and classical systems has been a
subject of great theoretical and experimental interest. A very interesting observable that
unravels the equilibrium and non-equilibrium properties of low-dimensional systems is
the distribution of the number of particles in a given domain. This is often referred to
as full counting statistics (FCS). FCS is a global quantity and hence it is experimentally
more accessible [143, 144].

In the context of quantum systems, FCS has been studied in various physical se-
tups, including non-equilibrium Luttinger liquids [145], quantum transport [146-148],
shot noise [149-151], quantum dots [152, 153] as well as in quantum spin chains and
fermionic chains [154,155]. Furthermore, the entanglement entropy of a subsystem with
its remaining part is studied extensively in the context of the free Fermi gas and is intri-
cately connected to FCS [156-161]. This connection holds true, particularly in regimes
where the particle number fluctuations exhibit Gaussian behavior. The study of FCS for
interacting systems has also gained considerable interest [162-165] as FCS can now be
measured in cold atom experiments [143,144]. This connection emphasizes the wide-

ranging applications of FCS, particularly in understanding the relationship between in-
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teractions and correlations in the system.

In the context of classical systems, the FCS has also been widely investigated. For in-
stance, in many ecological settings, it has been observed that the distribution of the num-
ber of species and the average number of species in a given domain exhibit universal fea-
tures [166-168]. The statistics of the number of particles in specific domains for different
point processes have also been investigated [169,170]. Such point processes can be classi-
fied based on the system size dependence of the Fano factor V(@) = Var (1 (D)) /(1 (D))
where 1 (D) is the number of particles in a given domain @. This ratio of the variance and
the mean measures the strength of the relative fluctuations of 17 (). In the large N limit,
typical systems such as Poissonian point processes are characterized by V(D) ~ O(1).
Interestingly there are some systems for which V(®) — 0, in the large N limit, and they
are generically called hyperuniform [171,172].

While FCS is an interesting quantity both in classical and quantum systems the role of
interactions is not well understood. This chapter investigates FCS in a one-dimensional
system of classical Riesz gas [17,52]. We consider a harmonically confined Riesz gas
composed of N particles in thermal equilibrium described by the Boltzmann distribution
P({z;}) = exp[—BE({x;})]/Zy where 37! is temperature and Zj, is the partition function.

The energy function of the gas is given by [see Eq. (2.1)]

~ Y 2 J sgn(k) Al &
Ey({zi}) :ZjJFTZZW—%F 7 (5.1)
i =1 ji
where x; is the position of i particle with i = 1,2,--- | N and sgn(k) is the sign function.

The strength of the repulsive interaction is controlled by J > 0 and the exponent k of
the power law determines the nature of interactions; in particular, for £ > 1 the system
is short-ranged and for k£ < 1 it is long-ranged. In this chapter, we study FCS of the
Riesz gas defined in Eq. (2.1) and we restrict ourselves to the short-range interactions,
i.e., k > 1 where the associated field theory is local [45]. It is to be noted that for
the Riesz gas, the exact results on FCS are only known for £ — 0 [40,41,173-176] and
k = —1 [32,42], both of which are long-range models.

Our aim in this chapter is to study the statistical properties of 1(W, N') which rep-
resents the number of particles in domain [—W,W]. As will be discussed later, in the

large- NV limit, the problem of finding the distribution of (W, N) at O(1) temperature
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Figure 5.1: Schematic representation of the domain [—W, W] (shaded region) studied in
this chapter. The blue dots are the positions of the particles. The number of particles
in the region [-W, W] is defined as 1 (W, N). The black solid line is indicative of the
harmonic confinement.

gets effectively converted to an optimization problem. This problem tries to find the most
probable density profile satisfying the constraint of fixed 17(W, N). Note that, under the
transformation to the rescaled variables in Eq. (2.2), the wall position W gets transformed
tow = W/N* . It is evident that if w > [, then the density profile does not get affected
by the presence of the hard walls and it remains the unconstrained density profile given
in Eq. (2.18). On the other hand for w < [, the most probable density profile will be
drastically different from the one given in Eq. (2.18). This modified density profile, as
we will see later, is an important ingredient for the study of FCS. We compute the con-
strained density profile and use it to study the probability distribution (more precisely
the associated LDF) of 11(W, N). Before going into the details of the computation, we

summarize our main findings in the next section.

The rest of the chapter is organized as follows. In Section 5.2, we summarize our
main results on the FCS of the Riesz gas. In Section 5.3, we explain the derivation
of the large deviation function, which characterizes the probability distribution of the
number of particles in the domain [—W, W]. The corresponding average density profiles
are also calculated. These profiles are used to study the variance along with asymptotic
behaviors, and non-analytic properties of the associated large deviation function (LDF).
Our formalism has been adapted to study the index distribution which corresponds to the
semi-infinite domain (—oo, W] in Section 5.4. In Section 5.5, we study the linear statistics

of the Riesz gas. We conclude and provide some future directions in Section 5.6.
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5.2 Summary of the main results

In this section, we present the main results related to the statistics of 7(W, N), the
number of particles in a finite box [—W, W] which is schematically shown in Fig. 5.1. It
is easy to show that the mean number of particles in the box increases linearly with the

system size (i.e., number of particles N) and is given by

M(W,N)) = N & (;Z) (5.2)
with () = [ dy (o), (5.3

where the unconstrained density profile pf.(y) is given in Eq. (2.18). We denote the
probability distribution of 11(W, N) as

P(M =cN)=Prob.N(W,N) =cN,W]. (5.4)

We find that in the large-N limit, the probability distribution takes the large deviation

form given by
P (N = cN) = exp ( _ BN (e, W/N“k)>, (5.5)

valid when W — oo, N — oo keeping the ratio w = W/N® fixed. Here we recall that
ar = k/(k +2) as given in Eq. (2.6). To calculate the LDF ®(c,WW/N*), we use the
Coulomb gas method [22,23]. A crucial ingredient in this method is the saddle point
density profiles that satisfy the constraint of having ¢ N particles in the box [, W].
We find that these constrained density profiles are also dome-shaped similar to the un-
constrained density profiles. However, their support is parameterized by the box size
controlled by w = W/N* and the fraction of particles ¢ inside it. As w and c are varied,
the shape of the constrained density profile undergoes interesting shape transitions in the
(w — ¢) plane, as indicated in Fig. 5.2 by shaded regions separated by the two curves
¢ = ¢(w) and ¢ = ¢*(w). The loci of these two curves are calculated analytically in
Eq. (5.23) and Eq (5.3) respectively. In Fig. 5.3 we compare our analytical results for the

saddle point density with the MC simulations and observe a very good agreement.

The LDF and its properties: Using these saddle point densities, we have obtained explicit

86



1.0

>

4

e it [V
-

0.84]

I —

(& */@

0.6

C
<
N

I1) Moderate

0.4+

X

0.2

0.0 - - - -
0.0 0.2 0.4 0.6 0.8 1.0

UJ:W/NO% Xl()

Figure 5.2: Phase diagram in the (w,c) plane showing three different regimes: (I) low,
(IT) moderate and (III) high fraction of particles in the box [—W, W], where the saddle
point density profiles given in Eq. (5.21) exhibit distinctly different shapes (see inset).
The critical fraction line ¢ = ¢(w) [Eq. (5.23)] separates the phases (I) and (II). Below this
fraction, we observe a disjoint density profile in the phase (I) and above this concentration
the two disjoint parts join and we observe a density profile as shown in the inset of
the regime (II). Around this line, the LDF behaves non-analytically which leads to a
third-order phase transition [see Appendix. A.5]. On the other hand, the crossover line
¢ = *(w) [Eq. (5.2)] separates the phases (II) and (III) and the LDF shows analytic
behavior around it [see Eq. (5.33)]. This plot is generated for k = 1.25, however, such a
plot is expected to be qualitatively the same for all £ > 1. Note that the z-axis is in the
units of ..
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analytical expression of the LDF ®(c,w) which is given in Eq. (5.30) and plotted in
Fig. 5.4. The behavior of the LDF is similarly governed by two parameters ¢ and w =
W/N. We note that, for a fixed box [-W, W], as the fraction of particles is increased
from below é(w) [regime (I)] to above it [regime (IT)], the hole region in the density profile
vanishes (see Fig. 5.2). This gap closing transition at ¢ = ¢(w) with a fixed w gives rise to a
non-analytic behavior of the LDF characterized by a discontinuous third-order derivative

of the LDF ®(c,w) w.r.t. ¢ for |c — ¢(w)| < 1 as can be seen from

- _ 1-1
Poew) | REERC, ()" fore>a(w) -
3 = - ) .
oc 5C_, for ¢ < ¢(w)

c(w)

where Cg. are constants [see Appendix A.5 for details]. This discontinuity in the third
derivative implies a third-order phase transition according to Ehrenfest classification
[137]. By the same mechanism, a similar gap-closing transition occurs but now with
a decreasing box size for a fixed ¢ (along a horizontal line in Fig. 5.2). Such third-order
phase transitions via gap-closing mechanisms have been found in numerous examples

[25].

Similar non-analytic behavior of the LDF associated to 7(W, N) has also been ob-
served in long-range interacting models such as the Dyson’s log-gas [40, 41] and the
1dOCP [42]. Interestingly, the non-analyticity of LDF in our short-range case (k > 1)
of Riesz gas, appears at ¢ = ¢(w) unlike these long-range models (k — 0 and k = —1)
for which it appears at ¢ = ¢*(w). For our short-range case, the LDF ®(c, w) is analytic
at ¢ = ¢*(w) and shows quadratic behavior, i.e., ®(c = c*(w) + k,w) ~ O(k?). This
quadratic behavior of the LDF ®(c, w) around ¢ = ¢*(w) suggests that the typical fluc-
tuations in the number of particles in the box are described by a Gaussian probability

distribution given by

PN =cN) = exp <_N2(0_C*(w))2>, (5.7)

2 Var(N)

for |e — *(w)| < O (\/\T(n))
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Here the variance is given by

NvE w . 2—k
Var(n) = m % (NTZUC) with V = m, (58)

and the function ¥ (h) is given in Eq. (5.35). The analytical result in Eq. (5.2) for the
mean and in Eq. (5.8) for the variance is verified with MC simulations in Fig 5.5a,b,
respectively for £ = 1.5. We note that the variance scales with system size as N** with
v, = (2 —k)/(k +2). This implies that for 1 < k < 2 the variance increases with in-
creasing system size. For k — 2 we see 1, — 0 as a result N** — log(V), hence one
generally expects that the variance grows logarithmically with N similar to the case of
the Dyson’s log-gas (kK — 0). For k > 2, 1, < 0 and the variance decreases with system
size which suggests that the system becomes very rigid in the thermodynamic limit and
possibly the typical fluctuations are dominated by microscopic fluctuations at the edges

of the box. This is not captured by the present scaling analysis.

Generalization to other quantities: Using the same approach, we also study a more general
quantity known as linear statistics defined as Sy = S, r(y;), where y; = x;/N® and
r(y) is an arbitrary function. The mean of this quantity scales linearly with system size as
expected, whereas the variance scales as a power-law ~ O(N"*) with vy, = (2—k)/(k+2)
as described in Section. 5.5. Note that the number distribution 71(W, N) is also a linear
statistic with the choice r(y) = O(w — y)O(w + y), where O(x) is the Heavyside Theta
function. Another interesting and well-studied quantity is the index defined as the number
of particles, denoted by J(W, N), in the semi-infinite box (—oo, W] which corresponds
to the choice r(y) = O(w — y) in the linear statistics. This quantity appears naturally
in the study of the stability of complex systems [177,178]. Tt has been well studied in
the context of the random matrix theory [38,179], Dyson’s log-gas [39] and the 1dOCP
model [32,114]. We find that the properties of the saddle point density profiles and the
LDF corresponding to the index distributions are qualitatively similar to the number
statistics problem summarized above. It is important to note that, in general, FCS
behaves differently from the linear statistics with a smooth function r(y) [40-42,180,181].
However, for the short-range case, this distinction does not seem to occur at least for the

variance.
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5.3 Derivation of the number distribution

In this section, we outline the derivation of the distribution of 7(W, N'), which quantifies
the number of particles in the box [-W, W], as defined by

N
NW,N)=>_OW —z;)0(W + ;). (5.9)

i=1
Here ©(z) is the Heaviside theta function. We start by writing the Gibbs-Boltzmann

probability distribution of the position configuration in terms of the scaled variables

{yi = x;/N*} for i =1,2,--- N [see Eq. (2.2)]:

Plnge, ) = 5 o (= ANVE((w))), (5.10)

where Ej({y;}) is the energy function in Eq. (2.7) and Zj is the partition function, given
by

Zk:/ dyl/ dyz---/ dyn exp (BN B ({y:})) - (5.11)

The mean of the number of particles can be easily computed as (I(W, N)) = > (©(w —
¥;)O(y;+w)), where w = W/N* and y; = x;/N**. Simplifying further, we get (11(W, N)) ~
c*(w) N where ¢*(w) is given in Eq. (5.3).

The distribution of 1(W, N) can be obtained by integrating the microscopic configu-
rations with the constraint of having ¢ N particles inside the box and it is given by

PN =cN)= / Ty / " dyw eXp<—ﬁN”Z?:kEk<{yi}>>x

oo o0

) (c N — Z O(w + ;)0 (w — yz)> , (5.12)

i=1

where recall that w = W/N®. For the sake of brevity W and N in the argument of
N(W,N) are suppressed. For finite N, the integrals over the microscopic positions in
Egs. (5.11) and (5.12) are difficult to carry out for arbitrary & with the only notable
exceptions for k& — 0 [19] and k& = —1 [31,42,180]. However, in the large N limit
and for B ~ O(1), the multiple integrals can be computed approximately using the

Laplace method in which one first rewrites the microscopic integral as a path integral
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over density field configurations and then performs the saddle point calculation. Such a
method in the literature is known as the Coulomb gas method [22,23], which has been
used recently in the context of Riesz gases [45]. To adopt this field-theoretic method, we
first rewrite the integral in Eq. (5.12) as a path integral over the empirical density field
ply) = % Zfil d(y — y;). More precisely, we compute the integral in Eq. (5.12) in two
steps: (i) we integrate over the microscopic positions corresponding to a density field p(y)
(which one could assume to be a smooth function in the large N limit) and (ii) perform
the integration over these density profiles. After the first step, one generates an entropy

term §[p(y)] in the exponential in addition to the energy functional 8x[p(y)] to arrive

at [45]
P(M=cN) :/@ [p(y)] =P (_BNHzakng[i(y)] + NS WD) X
5(0N—N/_Oo dy p(y)@(w+y)@(w—y))5(/_oo dy p(y)—1> :
(5.13)

where the energy functional & [p(y)] is given in Eq. (2.16) and the entropy functional is
given by [22,23]

st = (- [ av sty iogntn)) (5.14)

o0

Using the integral representation of the delta function on the complex plane, one can

express P (11, W) in Eq. (5.13) as

pn=cn)= [ dn [ ap [ Dl LEEEROD )

with the action given by

Glp(y)] = & [p(y)] — Nfakc? [p(y)]

—u(/w dyp(y)(l—@)(w+y)@(w—y))—1+C>

oo

—[i (/_OO dy p(y)O(w +y)O(w — y) —C), (5.16)

[e.e]

where w = W/N®. The functional G[p(y)] in the above equation is essentially the free
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energy required to create a particular density profile with the chemical potentials i and
w ensuring that the fraction of particles inside and outside of the box [—w,w] is ¢ and

1 — ¢ respectively.

Note that the factor N1™2% in the exponent of Eq. (5.15) diverges for N — oo, since
1+ 2a; > 0 [see Eq. (2.6)]. Therefore, the integral can be evaluated by a saddle point
technique in which one needs to minimize the action in Eq. (5.16) w.r.t. the density field
p(y) as well as the chemical potentials i and . Moreover, for large N and T' ~ O(1) one
can neglect the contribution from the entropy term in the saddle point calculation. We

find the following equations

2

=T TR (k1) (0" (m) oyl < w, (5.17)
i =L IR ) (W) for [yl > w, (5.18)

along with the normalization constraints

|y et pet -y -« (5.19)
/_OO dy Q*(y)(l —O(w+y)O(w — y)) =1l-c (5.20)

Here the * represents the saddle point values. Note that the saddle point equations in
Egs. (5.17) and (5.18) are valid when the size (2w) of the box [—w, w] is much larger than
the (typical) mean inter-particle scaled distance i.e., w > O(1/N).

Note that the chemical potentials i* and p* in Egs. (5.17) and (5.18) are independent
of the position y. On the other hand, the right-hand sides of Egs. (5.17) and (5.18) diverge
in the limit y — oo. This suggests that the saddle point density has a finite support.
The density profile takes the form

/

Ay (P - yQ)% for |y| < min(w,1)

==

0" (y) = Ay (12 — 4?) forw < |y| <1 , where I=2p% 1=+/2p, (5.21)

0 otherwise
\

and the constant Ay, is given in Eq. (2.20). The length scales | = I(c,w) and [ = I(c, w)

are functions of the two parameters ¢ and w and are obtained from the normalization
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conditions Eqs. (5.19) and (5.20), respectively. We find

e for ¢ < é(w),
a , (5.22)
%,%—kl) for ¢ > ¢(w)

where ¢(w) is the fraction for which [ = w which is given by

1
w

o) (z_) " (5.23)

In Eq. (5.22) we have introduced the function I(h, a,b) which is defined as

B(h,a,b "
I(h,a,b) = BE?Z:b; with B(h,a,b) = /0 ds 5711 —s5)71, (5.24)

For the edge [ of the density profile outside the box, we find

—ay

zz(1—c)%zuc<1—1((%)2,%,%+1)> . (5.25)

We can now numerically compute the lengths [ and [ for any ¢ and w by solving the
transcendental Eqs. (5.22) and (5.25). Note that the edge of the support of the density
profile inside the box is min(w, ). The extent of this support depends on the fraction of
particles ¢ in the box [—w,w]. For ¢ less than a certain value ¢(w) we find [ < w while
for ¢ > ¢(w) we get [ > w. As cis changed the shape of the density profile changes and
we obtain three distinct regimes (as depicted in Fig. 5.2) namely: (I) low (II) moderate

and (III) high fraction regimes. We further elaborate on these regimes below.

(I) Low fraction [0 < ¢ < ¢(w)]: As shown in Fig. 5.3a, in this regime, due to the low
fraction of the particles ¢ within the box, the density profile inside forms a small droplet
at the minimum of the harmonic trap. It does not spread over the full extent of the box
[~w,w] and is only supported over the region [—[,I]. This leads to the appearance of
two holes with no particles between the droplet and the edges of the box. Outside of the
box, the remaining particles form truncated domes on both sides. The support of the left
dome is [—I, —w] while for the right dome, it is [w,]. As we further increase the fraction
¢, the edge of the support of the droplet [ increases and eventually touches the edges of

the box located at +w when ¢ = ¢(w). For the sake of brevity, we sometimes suppress
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Figure 5.3: Plots of the equilibrium density profiles for different fractions of particles ¢
confined inside the box [—w,w] with w = 0.75, k = 1.5 and J = 1. The boundaries
of the box at y = +w are shown by the blue vertical dashed lines. We consider three
values of ¢, (a) 0.08 (b) 0.4 and (c) 0.8 which are representative of the three regimes: (I)
¢ < c(w), (IT) é(w) < ¢ < ¢*(w) and (III) ¢*(w) < ¢, respectively, where ¢*(w) is given
in Eq. (5.3) and ¢(w) is given in Eq. (5.23). For w = 0.75 and k£ = 1.5 one finds that
¢(w) = 0.136 and ¢*(w) = 0.552. The symbols in all the plots are obtained using MC
simulation for N = 256 and N = 512 whereas the solid lines represent the theoretical
results given Eq. (5.21). The dotted line in each plot represents the density profiles py(y)
[see Eq. (2.18)] in the unconstrained case i.e., without any wall, from which one can
compute the fraction ¢*(w) of particles within the region [—w, w]|. Here we have taken an
average of over 10% samples for all the plots.

the w dependence in ¢(w).

(II) Moderate fraction [¢(w) < ¢ < ¢*(w)]: As shown in Fig. 5.3b, as the fraction
¢ is increased above ¢(w), the droplet grows but its support does not expand. As a
consequence, the density near the walls just inside the box increases and this droplet
becomes a truncated dome. Outside the box, the support of the left and right truncated
domes shrink. The value of the density just outside the box decreases. Therefore the
density profile is discontinuous at the locations of the wall (£w) [see Fig. 5.3b and Fig. 5.2
(inset)]. As the fraction ¢ inside the box is further increased, the jump in the value of
the density at the location of the wall is reduced. This jump eventually disappears when
the fraction inside the box becomes the same as the fraction ¢*(w) [see Eq. (5.3)]. Hence
in this regime with ¢(w) < ¢ < ¢*(w), the density profile has three parts: two truncated

domes on either side of the box and another truncated dome inside the box.

(III) High fraction [¢*(w) < ¢ < 1]: When ¢ > ¢*(w), we find that the density at the
wall just inside the box, increases further and becomes higher than that of the density
at the wall just outside the box [see Fig. 5.3c and Fig. 5.2 (inset)]. Therefore the density

profile in this regime, with ¢ > ¢*(w), comprises three truncated domes.

In Fig. 5.3a,b,c, we plot the density profiles given in Eq. (5.21) for the three regimes
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along with the same obtained from MC simulation and we observe an excellent agreement.
The above discussion was based on varying ¢ with the wall position w fixed. Similarly, one
could obtain these three regimes by varying the wall position w by keeping the fraction

c fixed [see Fig. 5.2].

As a next step in computing the integral in Eq. (5.15), we substitute the saddle point
density profile from Eq. (5.21) in the expression of the action, G[o*(y)], in Eq. (5.16), we
find the following large deviation form for the probability distribution

P(M=cN)=<exp ( — BN'T2 9, w)), with w = ]\Zk (5.26)
where the large deviation function is given by
P(c,w) = G 0" (y)] — Gue- (5.27)

Here the unconstrained action, G\, is given by the logarithm of the partition function in
Eq. (5.11). For large N it reads [59]
log Zj, 2.(k+2)

Guc ~ _BN1+20% - 2(3k + 2) 5 (528)

where [, is the edge of the support of the unconstrained density profile py(y) [see
Eq. (2.20)]. By neglecting the contribution from the entropy term in Eq. (5.16), we

approximate the action by

G 0" (y)] = &rlo™(y)] (5.29)

where the energy functional is given in Eq. (2.16). After simplifying Eq. (5.27) we obtain
the LDF as

k+2 — 1) for ¢ < é(w),
(5.30)

3k+2

+ (¢) % —1), for ¢ > ¢(w).

The length scales [ and [ are given in Eqgs. (5.22) and (5.25). The functions H(h) and
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d(h) in Eq. (5.30) are simple and given by

1. 1\\
H(h) = (1 —1 (h2,§,1+g)>

h(1 — h2)5+1 (2k2) , 1 1 =
(k+1)(k+2)B (L 1+1) (1_[(h 757”‘)) ) (5.31)

2k
1 1\ #+2
MN=|(I[h = 14+=
_ 3k+2

h(1 — h2)%* (2k?) L1 1)\ e
_(k+1)(k;+2)B(%,1+%)<I(h’§’1+g>> : (5.32)

where I(h,a,b) is given in Eq. (5.24). In Fig. 5.4a. we show the LDF ®(c,w) given in
Eq. (5.30) as a function of w (for fixed ¢) and in Fig. 5.4b we show the variation of LDF
with ¢ (for fixed w). The three types of saddle point density profiles corresponding to the
three regions I, II, and III, shown in Fig. 5.3, determine the form of the LDF as shown

in Fig. 5.4a,b. Next, we discuss the asymptotic behavior of ®(¢,w) in different limits.

Behaviour around c*(w): We start with the behaviour of ®(c¢,w) near ¢*(w) which
describes the probability of typical fluctuations of ¢ around ¢*(w). Recall from Eq. (5.3)
that ¢ represents the mean fraction of particles inside a box of size w. Setting ¢ = ¢*(w)+k
in Eq. (5.30) and expanding to leading order in x we find ®(c*(w) +x,w) o< £%. A slightly
different derivation of this expansion is given in Appendix. A.7. The quadratic behavior
of ®(c*(w) + k,w) with k in the leading order implies a Gaussian distribution for the

typical fluctuations given by

N2g?
PM=(c N, W) =< - 5.33
(1= (") + RN W) = e = s ) (53
with the variance of the number of particles given by
Nk W 2—k
Var(N) = 1% ith vy, =1—2q, = —— 5.34
ar( ) 3 l121c an (No‘kluc) , with vy Qy, Y ( )

and V(h) =1 (hQ, % %) (1 — 1 (h2, % %)) , (5.35)

where the function I(h,a,b) is given in Eq. (5.24). For small h, the function ¥(h) < h
whereas for h — 1, V(h) o (1 — h)¥/*. In Fig. 5.5a,b, we compare our theoretical results

for the mean [see Eq. (5.3)] and variance [see Eq. (5.34)] of 11 with the same measured
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Figure 5.4: The plot displays the large deviation function ®(c, w), given in Eq. (5.30), for
k=1.5and J = 1. In (a) we show a plot of ®(c, w) as a function of w for ¢ = 0.552 and
in (b) we plot ®(c, w) as a function of ¢ for w = 0.75. In both plots, we have demarcated
three regions (I, IT and III) based on the three types of saddle point density profiles
(as shown in Fig. 5.3) that create the large deviations in those three different regions.
Schematic plots of such density profiles are provided in the insets.

in MC simulations and observe good agreement everywhere except the edges where it
matches better for large-N. This is due to finite-/N corrections. Note that for & > 2 the
exponent v, given in Eq. (5.34), is negative implying that the variance decreases with
increasing system size. This suggests that the contribution to the typical fluctuations for
large- N are primarily due to the microscopic fluctuation at the edges of the box. Such
fluctuations do not cause changes in the density profile and are thereby missed in the
field theory description. In the marginal case of k = 2, as mentioned earlier, the exponent
v = 0 possibly suggests log(/V) growth of the variance.

Non-analytic behavior and phase transitions: We recall that ¢(w) given in Eq. (5.23)
represents the fraction at which the hole in the density profile inside the box vanishes.

We find that this hole-closing phenomenon gives rise to non-analytic properties of ®(c, w)
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Figure 5.5: Numerical verification of the mean and variance of the number distribution
problem. The plot displays the W dependence of (a) the mean fraction of particles and (b)
the scaled variance of the number of particles in the box [—-W, W] for N = 128,256, 512
with parameters k = 1.5, T'= 10 and J = 1. The vertical blue dashed line represents the
box with W = [, .N“. The symbols indicate the results obtained from the Monte Carlo
simulations and they are compared with our theoretical predictions (solid lines) given by
Egs. (5.2) and (5.34) for the mean and the variance, respectively.

around ¢ = ¢(w). Expanding the LDF ®(&(w)(1 + €),w) for small € we find [see Ap-
pendix A.5.1]:

Ac+Be+C, & +o(e2tr), fore>0
@(E(w)(1+e),w) — @(é(w),w) =9 ) ) ,
Ae+Be®+C_ &+ 0(e), for e <0

(5.36)

where the constants A, B etc. are given in the Eqs. (A.82)-(A.84) of the Appendix A.5.1.
Note that o(¢*t#) = O(min[e2*#,¢]). For a fixed w, the third derivative of the LDF
P (c,w) w.r.t. ¢ (i.e., €) shows a discontinuity at ¢ = ¢(w) [Eq. (5.23)] as demonstrated
in Fig. 5.6a. More precisely, the third derivative is finite for ¢ — ¢~ (w) and is diverging
for ¢ — ¢*(w). Similar discontinuities in the third derivative of the LDF have been
observed previously in various other contexts and have been associated to third order
phase transition — such as linear statistics in 1d Coulomb gas [37] and in extreme statistics
of Riesz gas [59], of Coulomb gas [128] and random matrix theory [25,182]. The non-
analyticity of the LDF, described above, stems from the structural change of the saddle
point density profile from (I) Low to (IT) Moderate fraction regime.

By the same mechanism, a similar third-order phase transition is expected to occur

98



15 - 2 .
NeoFH 1
(a) e (b) e ]
10 - <=1h | =S T T T
\
I E .\.\.\ 0 ! ............... 4
ale [ ot B ol o .
01 ! | ke |
——————— i S - n=1 ‘-,E/G
7 -4 I
_5- / i ........ n=2 : |S
/ : w = 0.75 —— = E ¢ =0.552
! 1
—10 : — T T —6 T L T
0.0 0.1 0.2 0.3 1.0 1.2 14 1.6
C w

Figure 5.6: The plot displays the derivatives of the LDF ®(c, w) [Eq. (5.30)]. Specifically,
it shows the first (red dashed line), second (green dotted line) and third (blue dash-dotted
line) derivatives: (a) w.r.t. ¢ for w = 0.75 and (b) w.r.t. w for ¢ = 0.552. Notably, we
observe a pronounced discontinuity in the third derivative of ®(c,w) in (a) at ¢ = ¢(w)
[see Eq. (5.23)] and in (b) at w = w(c) = l,.c*, establishing the presence of third order
phase transitions.

when we cross the line ¢ = ¢(w) horizontally in Fig. (5.2) i.e., by varying w while keeping
c fixed as demonstrated in Fig. 5.6b. This phase transition can be shown by analyzing the
behavior of ®(c,w) near the special box size W = w(c)N* with w(c) = Iy c*. While
reducing the box size starting from a larger value, the hole in the density profile inside
the box (containing ¢ N particles) decreases and at a special value w(c) of the box size,
the droplet touches the boundaries of the box. In Appendix A.5.2 we show that the LDF

®(c, w) around w(c) also exhibits non-analytic behavior. More elaborately it behaves as

De+Ee+F, 4 0(eh), for e > 0
(c,w(c)(1+€) = @(c,w(c)) = = X , (5:37)
De+E e+F_ |e[*F +o(e2Tr), fore<0

where the constants D, E etc. are given in the Eqs. (A.86)-(A.87) of the Appendix A.5.2.
We find that the third derivative is discontinuous at w = w(c). More precisely, ®(c, w)

is finite for w — w(c); and is diverging for w — w(c)_.

Behaviour of ®(c,w) near ¢ =0 and ¢ = 1: In these limits we find the following approx-
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imations for a given w,

O(c,w) = ¢(0,w) — p'ec, for ¢ —0, (5.38)

O(c,w) =~ ®(1,w) —pg*(1—¢) for ¢— 1. (5.39)

Here, i* and p* represent the chemical potentials [see Egs. (5.17) and (5.18)] of the gas
outside and inside the box for ¢ = 0 and ¢ = 1, respectively. Here the LDFs ®(0,w) and
® (1, w) describe the probability of having no particle and all the particles in the box. The
linear dependence on ¢ in Eq. (5.38) represents the energy cost for depositing fraction ¢
of particles into the initially empty box. On the other hand, —f*(1 — ¢) represents the
energy cost for taking out (1 — ¢) of particles out of an initially filled box.

Hole formation LDF ®(0,w): Taking ¢ = 0 in Eq. (5.30), we find that the hole formation
LDF ®(0,w) is given by

w

B0, w) = Gue X (fH <7> - 1) , (5.40)

where G is given in Eq. (5.28), H(h) is given by Eq. (5.31), and [ is the edge of the
support of the (scaled) density profile when the box [—W, W] is empty. Numerically,
can be calculated using Eq. (5.25) for ¢ = 0.

Complete confinement LDF ®(1,w): Taking ¢ = 1 in Eq. (5.30), we find the LDF as-

sociated to the probability of containing all the particles in the box. This LDF is given
by

B(1,0) = Gue X <3 (%) - 1) , (5.41)

where G is given in Eq. (5.28), g(h) is given by Eq. (5.32), and [ represents the edge of
the support of the density profile when the box contains N particles. Numerically, [ can

be calculated using Eq. (5.22) for ¢ = 1.

5.4 Index distribution

Another interesting observable is the index for which our calculation presented in Sec-

tion 5.3 for studying the number distribution can be straightforwardly extended. The
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index denoted by (W, N), counts the number of particles below a certain position W

and it is defined as
N
IW,N)=> O — ), (5.42)

where z; is the position of the ith particle for any i € 1,2,..., N and O(z) = 1 for z > 0
and zero otherwise. Here we focus on W > 0. The case with W < 0 can be obtained

from the distribution with W > 0 using the relation

Prob. [0(W, N) = I,] = Prob. [Njwe)(N) = N — I,] = Prob. [¢(=W,N) = N — 1],
(5.43)

where Npy,o0)(N) = SN, O(x; — W) represents the number of particles to the right of
W. To obtain the second equality we have used the inversion symmetry of the energy
function Ej({z;}) = Ep({—2;}). To find the probability distribution of J(W,N), we
follow the same procedure as done in the previous section. We find that for large N this

probability distribution has the following large deviation form
PG =cNW)=<exp ( — BNy (e, W/No"“)>, (5.44)

where (e, w) is the LDF and oy, = k/(k + 2). We find that the LDF is given by

G2uc ((20)2ak+1 + (2(1 — C))2ak+1j{<%> — 2) , for ¢ < ¢(w)

U(e,w) = " , (5.45)
quc <<26)2ak+13(7> +(2(1 - c))2ak+lj{<%) — 2) , for ¢ > é(w)
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where G is given in Eq. (5.28), w = W/N%  ¢(w) = (ﬁ)ﬁ and the functions J(h)
and H(h) are

—2a
I(h) = <1+I(h ,2,k+1)>

1
h(1—n2)et! 2k2 1
_ ( - )1 1_‘_]'(]12’_’

B(1+1) (k+1)(k+2) 2

H(h) = (1 —1 (h2, % % + 1) >_2ak

1 720{]@71
h(1—h2)rH! 2k? < , 11 )
- 1—I(n% = ~+1 . 5.47
B(i1+1) (k+1)(k+2) 2"k (5.47)

The length scales [ = [(c,w) and | = I(c,w) in Eq. (5.45) are functions of ¢ and w. These

| =

)) >

can be obtained by numerically solving the following transcendental equations

% Lye for ¢ < é(w),

| = 2 Tk
(26)% 1y (1 +1 ((%) it 1)) for ¢ > &(w)

, (5.48)

—ay

[ = (2(1—c))akzuc(1—1((%)2,%,%+1>) , (5.49)

where the function I(h,a,b) is defined in Eq. (5.24). We analyze the behavior of the
LDF V¥(c,w) at ¢ = ¢(w) for a fixed w. We find that it shows a third-order phase
transition, similar to the ‘number’ problem. In this case also, the distribution of the

typical fluctuations of (W, N) is Gaussian distribution and the variance scales as N"*

with vy, = (2 — k)/(k + 2).

Pressure and Bulk modulus: Using the LDF for Index distribution, we can compute the

thermodynamic pressure and the bulk modulus [see Appendix A.6].
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5.5 Linear statistics

In this section, we study linear statistics which is defined as

Sy = Zr(yi), (5.50)

where the function r(y) is arbitrary and recall, from Eq. (2.2), that y; = x;/N®* denote the
scaled variables. Linear statistics generalizes FCS, for example, by choosing the function

r(y) appropriately we can obtain both the number and index distribution problems:

Oy + w)O(w —y) Number statistics
r(y) = (5.51)
O(w —y) Index distribution

where O(y) is the Heaviside theta function. Linear statistics can be used to study the
ground state properties of the system in arbitrary traps. It has been widely studied in
both mathematics and physics [118,119,147,148,150,151,153,181-198]. Interestingly, in
the context of quantum transport [117-119,147,150,151,153,181,183,184,191,192,194,195]
using the random matrix theory approach the conductance (r(y) =y [117]), Wigner time
delay (r(y) =y [153]) and shot noise (r(y) = y(1 — y) [150]) have also been computed.

In this section, we generalize the results to any arbitrary functions of r(y). Clearly,

the average value of (s) = (Sx)/N, in the large N limit, is given by

lUC

(s) = / 7(y) Pac(y) dy (5.52)

luC

with pf.(y) given explicitly in Eq. (2.18). Here, we would like to go beyond the mean
(s) and compute the variance of s for all £ > 1, which were recently computed for
1dOCP, k = —1 (jellium model) in Ref. [180] (see also Ref. [199]) and then extended to
all long-ranged cases k < 1 in Ref. [46].

We follow the method used in Ref. [180]. We first compute the full distribution of s
in the large N limit. This is done by adding an extra term g, (s) (ffooo dy r(y)pr(y) — s)
in the energy function and then minimizing the energy by the saddle point method. Here
() is the new Lagrange multiplier that enforces the value s of the linear statistics and

hence p,.(s) depends implicitly on s. The subscript ‘7’ represents the fact that the density
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and the corresponding chemical potential should depend on the choice of the function

r(y). Consequently, the new saddle point density p’(y) satisfies the saddle point condition

L i2(s) rl) + IRk + 1) (o))" = ) (559

where g (s) is the s-dependent Lagrange multiplier that enforces the normalization. For
the sake of brevity, we omit the s dependence of ;7 and pj. Thus, the modified density
is given by

pr(y) = Ag (MZ - % — [y 7“(3/)) " (5.54)

Consequently, the edges of the support, —l;(s) and l5(s), where the density vanishes, are

determined by the two real roots of

l2
5 HHrr(l) = =0. (5.55)

The two Lagrange multipliers p and p are then fixed by the two conditions

l2(s) l2(s)
/ dy py(y) = 1, / dy r(y) pr(y) = s. (5.56)

li(s) —11(s)

Clearly, when s — (s), we have p* — 0 and i} (s) — pi((s)) = po = [2./2 and the density
pi(y) = po(y). We expect the distribution P(Sy = sN, N) in the large N limit to have a

large deviation form
P(Sy = sN, N) < exp[—N'T2* A(s)] , (5.57)
with the large deviation function given by

A(s) = G, lpy(y)] — Gue, (5.58)

where G is given in Eq. (5.28) and the action G, [p:(y)] = Ek[pi(y)] with Ex[p:(y)] given
in Eq. (2.16). The s dependence of pf(y) is implicit and comes from the second constraint

in Eq. (5.56).
To compute the explicit expression for the LDF A(s) [in Eq. (5.58)], we need to specify
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the function r(y). However, we can compute an approximate expression for A(s) for a
general function r(y), when s is around its mean value (s) [Eq. (5.52)]. When we expand

A(s) [Eq. (5.58)] for s = (s) + x with small s, we find that

2 JJy — J?
A((s) + k) ~ % with o2 = %01 (5.59)
where the constants are
A luc 1_ A luc 1
Jp = 27'“ dy (2, -2, 7= 2?'“ dy r(y) (2 —y?) (5.60)
_luc _luc
A [l 1_
Iy = Q?k dy r(y)* (I3, — y*)* g (5.61)

7luc

The quadratic behavior of the LDF in Eq. (5.59) suggests that the typical fluctuations of

Sy around its mean value behave like a Gaussian distribution given by [see Appendix A.7]

N2g?
P = N,N) =< — . .62
(S = () + RN N) < exp | = ot (5.62)
where the variance is given by
NVeg? 2—k
Varg = 5‘7’", with v = 7. (5.63)

Note that the N dependence of the variance of the linear statistics is universal for any
function r(y). As mentioned previously, by construction, the linear statistic captures
the behavior of number and index distribution. Using r(y) = O(y + w)O(w — y) in
Eq. (5.59), one can reproduce the variance of the ‘number’ problem as given in Eq. (5.34).
Interestingly, unlike the short-range case, for the long-range case of Dyson’s log-gas (k —
0) and the 1dOCP (k = —1), the behavior of the linear statistics for the smooth and
non-smooth function r(y) differ [40-42, 180, 181].

5.6 Conclusions

In summary, this study provides a detailed analysis of FCS of a confined short-range
Riesz gas (k > 1) in equilibrium at temperatures 7" ~ O(1) (where the entropy may be

neglected). We focused on the number and the index distribution, which characterize the
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fluctuations of the number of particles 11 (W, N) and J (W, N), respectively, in two distinct
domains, namely [—W, W] and (—oo, W]. We found that the variance of the number of
particles in a given domain scales with the system size as ~ N with v, = (2—k)/(k+2).
Our study is a major step forward in generalizing results of Dyson’s log-gas and the
1dOCP to a broader class of interacting particles i.e., Riesz gas systems with £ > 1. We
also found that the distribution of the typical fluctuations of both quantities 77(W, N)
and J(W,N) around their mean values are Gaussian. These results are obtained by
computing the large deviation function (LDF) associated with the distribution of these

quantities.

We have employed a field theory method similar to the Coulomb gas method to
compute the LDF's for two quantities 71(W, N) and J(W, N). The method involves deter-
mining the saddle point density profiles conditioned on a given fraction of particles inside
the specified domain. We found that for both cases (‘number’ and ‘index’), the saddle
point density profiles possess discontinuities at the location of the boundary of the spec-
ified domain and exhibit three different kinds of profiles as either ¢ or w is changed, such
that it crosses the transition lines indicated in Fig. 5.2. These three types of configura-
tions display interesting features — such as discontinuities and emergence of void regions.
Our analytical results for the density profiles are in perfect agreement with numerical

computations.

These density profiles are then utilized to calculate the LDFs ®(c,w) and ¥(c,w)
analytically for the number and index distributions, respectively. The density profiles
determine the values of the LDFs in the respective parameter ranges. In particular,
one finds that there exists an interesting regime of the parameter (¢ < ¢é(w) for fixed
w or w > w(c) for fixed ¢) in which the saddle point density profile contains a hole
(devoid of particles) at the place of the discontinuity. The LDF corresponding to such
density profiles undergoes a discontinuous change in the third-order derivative leading
to a third-order phase transition. This transition is similar to the third-order transition
observed in random matrix theory [25] and the 1dOCP [37]. Apart from exploring the
non-analytic properties of the LDFs we have also discussed the various asymptotic forms
of the LDF which allowed us to study well-known problems like hole formation probability
or complete confinement probability. Additionally, the index problem provided a natural

setting for studying the physical properties like the thermodynamic pressure and bulk
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modulus.

Our analysis can be easily adapted to other traps of the form U(z) = @. The results
obtained for these generic traps closely resemble those obtained for the harmonic trap
with § = 2. Specifically, it is observed that the fluctuations of the number of particles
in the domain [—-W, W] or (—oo, W] are Gaussian and the variance again scales with N
as ~ N". However, now the exponent gets interestingly modified to v, = 1 — a6 =
(0 +k—ko)/(k+ 0). Moreover, we found that for any 6 > 0 the non-analytic properties
of the LDF remain the same, still displaying the third-order phase transition.

This chapter describes the study from the following published work, Ref. [61]: J.
Kethepalli, M. Kulkarni, A. Kundu, S. N. Majumdar, D. Mukamel, G. Schehr, “Full
counting statistics of 1d short range Riesz gases in confinement” Journal of Statistical
Mechanics: Theory and Experiment (2024) 083206

In the last three chapters 3, 4 and 5, we studied the equilibrium properties of the
Riesz gas at low temperatures T < O(L3), where Ly is given in Eq. (2.6). In the next
chapter, we will study the equilibrium properties at high temperatures for the hard rod
gas and the Hyperbolic Calogero model. The hard rod model corresponds to the Riesz
gas with k& — o0, as the interaction between the i-th and j-th particle in the £ — oo

limit becomes

‘ |z, — ;] —k oo, ifr<1
klgg@ <—i) = O(|z; —z;| —1) where O(r—1) = .
0, otherwise
This is a model for hard rods of unit length which is an integrable model in the absence of
confinement. On the other hand, the particles of the Hyperbolic Calogero model interact
via a repulsive potential of the form sinh(r)~2, where r is the interparticle distance. At
very high densities when r < 1 the interaction sinh(r) =2 ~ r~2, which corresponds to the
Riesz gas with £ = 2. Consequently, the field theory for the Hyperbolic Calogero model
is the same as the Riesz gas with k£ = 2. Both these models are integrable in the absence
of any confinement. However, generic confinement like U (z) = 2° breaks the integrability
of both models. So it raises a natural question: what are the equilibrium properties of
integrable systems in integrability-breaking confinement? In the next chapters, we will

study the density profile of the hard rod gas and the Hyperbolic Calogero model in a

harmonic and quartic trap when the system is assumed to be in Gibbs equilibrium.
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Chapter 6

Finite temperature equilibrium
density profiles of integrable systems

in confining potentials

6.1 Introduction

Integrable classical systems [200-202] have a macroscopic number of constants of motion
that are in involution with each other. In phase space, these systems (i) have regular
periodic orbits (invariant torus), (ii) are characterized by zero Lyapunov exponents, and
(iii) generally resist thermalization to a Gibbs state. However, many-body integrable
systems are also believed to be extremely fragile in the presence of external perturbations
and become nonintegrable, ergodic, and chaotic, retaining only a few constants of motion
[203].  Consequently, integrable systems are rare, and nonintegrability arising due to
imperfections dominates the natural world. For example, most experiments [78,204, 205]
are performed in confining potentials where we expect that integrability will be lost and
thermalization to occur. Recent theoretical studies have addressed thermalization and
transport in such trapped integrable models [84,85,206-211]. To study thermalization,
one needs to have a clear understanding of the thermal equilibrium state. One simple
characterization is to look at the equilibrium density profile of the particles in the trap
which is the most commonly measured quantity in experiments [96,212,213].

In this work, we focus on the equilibrium density profile of two one-dimensional short-

range integrable classical models in the presence of integrability-breaking external po-
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tentials. The integrable models considered here are the gas of hard rods [33] and the
hyperbolic Calogero model [14,214,215]. The external trap potential keeps the particles
spatially confined and breaks integrability. Such systems have been studied recently and
many surprising results have been reported. For example, the gas of hard rods [84] and
the Lieb-Liniger model [85] in the harmonic trap were investigated. It was found that
these systems do not thermalize even in the presence of the harmonic trap. Under out-
of-equilibrium conditions, drastically slow relaxations to a non-equilibrium steady state
and large finite size effects have also been observed for the Toda model with harmonic
(harmonic) pinning potential [206,209]. In another recent work [216], a similar observa-
tion was made for the nonlinearly perturbed Toda model and a universal scaling of the
thermalization time has been reported. Studies of the integrable Calogero model in the
presence of external confining potentials have also been undertaken in recent times, see

for example, Refs. [208,211,217-219].

The equilibrium properties of trapped interacting particles have recently been studied
where field theoretic techniques are used to compute the equilibrium density profiles and
fluctuations [22,25,45,59,60,92,220]. Here we adapt these field theoretic procedures to
study the equilibrium properties of hard rods and the hyperbolic Calogero system in the
presence of external trapping potentials. The field theory presented here predicts quite
accurately the equilibrium density profile of these two models, and their scaling with

system size and temperature, as obtained from Monte-Carlo (MC) simulations.

The paper is organized as follows. We describe the models and definitions in Sec. 6.2.
Thereafter, in Sec. 6.3, we present the field theory for the hard rod gas and the hyper-
bolic Calogero model in both harmonic and quartic traps. In Sec. 6.4 we compute the
densities and extract their scaling with system size and temperature for (i) hard rods gas
in Sec. 6.4.1 and (ii) hyperbolic Calogero model in Sec. 6.4.2. We verify the analytical
results using Monte Carlo (MC) simulations. We summarize the main results in Sec. 6.5
and end with a discussion of open questions in such integrability broken classical sys-
tems. The Appendix is organized as follows. In Appendix A.8, we derive the field theory
for (i) hard rod gas and (ii) hyperbolic Calogero model in external confining traps. In
Appendix A.9, we compute the analytical form of the densities for low and high values

of the temperature.
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6.2 Models and definitions

We study two short-range models given by a Hamiltonian of the form

N 2

=1

where {x;,p;} are the position and momentum of the i® particle (1 < i < N), each of
mass m which we set to unity. The second term on the right-hand side of Eq. (6.1) is

the external potential

which we take to be of harmonic (0 = 2) or quartic (6 = 4) form. The third term in Eq.
(6.1) is the interaction term, which for hard rods (HR) of length a is

Vr(r) = (6.3)

Note that in Eq. (6.3) the subscript ‘R’ in Vg(r) stands for the hard rods gas. For the
hyperbolic Calogero (HC) model each particle is coupled to every other particle in the

system with the interaction potential

J

sinh? |r|’

Vo(r) = (6.4)

In Eq. (6.4), the subscripts ‘C” in Vi (r) stand for the hyperbolic Calogero model and

J > 0 is the strength of the repulsive interaction.

We consider these systems to be in their respective thermal equilibrium states de-

scribed by the canonical Gibbs distribution

e—BH{zi.pi})

P({zi,pi}) = 2 (6.5)

where 8 = 1/T is the inverse temperature and Zg(/N) is the partition funtion. We are
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interested in the spatial density profile

N
ple) =Y (3 =), (6.6)
i=1
where (...)s denotes the average over the thermal distribution given in Eq. (6.5). In par-
ticular, we will examine the dependence of the density profile p(z) on system parameters,
such as the number of particles N and the temperature T'. In the following sections, we

address these questions using field theory and MC simulations.

6.3 Field theory formalism

To obtain the thermal properties one needs to compute the partition function Zz(V)
which is generally a hard task in microscopic variables. Therefore often one resorts to a
field theoretic (macroscopic) approach to compute Zz(N). In this method, the partition
function is written as a functional integral over density fields. This procedure has been
commonly used in several contexts such as Landau theory [221], random matrix theory
[22], general Coulomb gas [128], and long-range interacting particles [45,50]. Despite
this progress, there have been only a few rigorous comparisons between densities and
other equilibrium properties obtained from microscopic and macroscopic (field theory)

computation [45,59,60,92,220,222].

In this section, we describe a macroscopic procedure and construct a field theory

adapted appropriately for our models. We start with the partition function

Zg(N) = /_OO Hdpi/ dxyexp(—SH({x;,p;})), where

/ dXNE/ dxl/ dl[’g.../ dzy. (6.7)
w w 1 TN-1

Since the position and momentum variables are uncoupled, the partition function reduces

to
Z5(N) = 2§ (N) 2 (N), (6.8)
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where the configurational contribution to the partition function is given by

N N N
e 1

20 = [y exp( = B[ Usle) + 33D Vewi-ap)]). (69

—00 i=1 i=1 j=1

=

and contribution due to kinetic terms is
. o\ N/2

ZJO(N) = (?) . (6.10)

Performing the multiple integrals in Eq. (6.9) is a hard problem. However, for (i) short-
range repulsive interactions that diverge at vanishing separation, and (ii) slowly varying

confining potentials, one can approximate the full partition function as follows.

112]. |. A N e Np
A A
D I th S T oTe iele TEa b Rate ¥ et SRS S

Figure 6.1: A schematic representation for partitioning the system into N, subsystems,
each of size A. Here s = 1,2,..., N, denotes the subsystem index. Note that the particles
are represented by orange circles. In the st subsystem there are n, particles. The double
arrow indicates the extent of each subsystem. While analyzing each subsystem we take
large-ng and then for the complete system, we finally take the small-A limit.

We divide the system into N, subsystems, as shown in Fig. 6.1, where each subsystem
s contains a large number of particles n,. Note that the size of each subsystem, denoted
by A, is small enough compared to the actual size of the gas and large enough to contain
many particles such that the change in potential energy between two successive boxes
is smaller than thermal energy T i.e., |Vixi(2s11) — Vext(2s)| < T. The particles in each
subsystem experience an effective constant potential that depends on the location of
the subsystem z, inside the trap. The partition function Zée)(N ) in Eq. (6.9) can be

approximated (in the thermodynamic limit) as the product of the partition functions of
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these boxes,
Ny
ZéG)(N) A exp (Z log [Zs(ns, xs, A)}) : (6.11)
s=1

where the partition function of the s** subsystem of size A, centered around z, containing

ng particles is given by

ws“l‘% s s 1
Zs(ng, w5, A) = / dx, [Tex (- BUs() T exp< -6 [§V<xi - aa)] )
Ts—3% i=1 i,j=1
J#i
(6.12)

The free energy per particle in the s*® box is given by

f(xmﬁ) == !

B log [Zs(ns, x5, A)]. (6.13)

We convert the summation in Eq. (6.11) over subsystem index s to an integral over x

and get [see Appendix A.8]

o).l = [ do plo)f 2.6). (6.14)

—00

where p(x) is the density of particles at position z. The free energy per particle f(zg, )
defined in Eq. (6.13) can be computed from the partition function of the subsystem. As
mentioned earlier, we assume that the subsystem size A is small enough such that all
the n, particles with position z; (where i = 1,2..,n,), experience a constant potential

Us(z;) = Us(xs). The subsystem partition function can then be approximated as

Zﬁ(”s; T, A) ~ eXp( - anUé(xs)> [/1512 dxns ﬁ eXp( - ﬂ |:%V($z - xj):| )] :
TsT3 i,j=1
JF

(6.15)

Note that, in Eq. (6.15), the z; is a running integration variable not to be confused with

the position of the center of the subsystem z,. The contribution to the free energy per
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particle from the s box is written as

f(x575) - U(S(x5> + fint(xw 6)7 (6]‘6)
where
1 A - 3
fine(zs, B) = . log /0 dx,, Zﬂl exp[ — 5\/(95z — xj)} ) (6.17)
J#

From Eq. (6.17) one can further rewrite fiy(xs,5) = fint (p(:ns), 5). Furthermore, using
Eq. (6.17) we can rewrite Eq. (6.14) as [see Appendix A.§]

.0 = [ do p@){Ue) + funp@).9) . (6.18)

[e.9]

For the HR and the HC models the explicit forms of the free energy are derived in
Appendix A.8.1 and Appendix A.8.2 respectively.

The average thermal density can then be computed by extremizing the free energy in

Eq. (6.18) with the constraint that the density is normalized

/00 dx p(x) = N. (6.19)

oo

In the next section, we compute these densities for both HR and HC models and compare

them with MC simulations.

6.4 Results from field theory and comparison with

Monte-Carlo simulations

In this section, we adapt the field theory formalism discussed in Sec. 6.3 for the case of
hard rods (HR) and hyperbolic Calogero (HC) model to compute the free energy. We
extremize the obtained free energy along with the constraint that the density is normalized

and this yields the average density profile.
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6.4.1 Hard rods model

For the HR model, the contribution due to interaction to the free energy per particle at

position x is given by (see Appendix A.8.1)

o). B) = — L1op (LZeP@)) L
funlple). ) = ~log (L= H) 4 2, (6:20)

Using Eq. (6.20) in Eq. (6.18) we get the free energy for the HR model [ignoring the
density-independent term 1/8 in Eq. (6.20)]

Us(z) — ~log (l"a—p@)) ] | (6.21)

Falpla). 0= [ ds plo) s (=t

[e.9]

The free energy in Eq. (6.21) is super-extensive i.e., Fglp(z), 3] ~ O(N°*!) since the
ground state energy of N hard rods in a confining potential Us(x) ~ 2° scales as N°*!.
Therefore, the average thermal density p*(z,T') can be computed via saddle point approx-
imation [45]. This amounts to extremizing the free energy along with the normalization

constraint

J

e — i (B), (6.2

p(z)=p*(z,T)

gR[p($)7 B]

where the chemical potential py(3) is temperature dependent and can be extracted from

the normalization condition given in Eq. (6.19). Using Eq. (6.21) in Eq. (6.22) we get

() = Usto) 7 f1og (A2 ZE ) L o
To obtain the system size dependence of the density profile, we define
px(a,T) = 7" (. T), (624
such that
/OO dx py(z,T) = 1. (6.25)
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Using Eq. (6.24), Eq. (6.23) can then be expressed as

pn(B) = Us() — T . (6.26)

o 1—a Npy(z, 1)\ 1
*\ Now(e, 1) I —a Npy(x,T)

To extract the system size (V) and temperature (7') dependence of the density py(z,T')

we substitute the following scaling form ansatz

pn(z,T) = N~ pr(y,c), pn(B) = N pug(c), (6.27)

with the scaled variables given by

T B T
Nar _N'YR’

(6.28)

in Eq. (6.26). Here ar and g are scaling exponents which are determined by requiring

that Eq. (6.26) is NV independent in the scaled variables. Doing so we get
ar=1, ~vr=0 and Ap =20. (6.29)

The value ag = 1 can be understood from the O(N) extent of the density profile at zero
temperature. This leads to O(N°*!) energy of the system in the ground state. For the
entropy term to contribute to the free energy one needs to scale the temperature by N°

implying yg = 6. Eq. (6.26) finally becomes

pr(c) = %6 —c llog (LR(%C)) ;] . (6.30)

Pr(Y,c) ~1—apr(y.c)

It is worth noting that the thermal equilibrium properties of hard rods in an external
potential were studied in Ref. [223]. Eq. (6.30) can be obtained from Eq. [13] of Ref. [223]
when the density is assumed to vary slowly on the rod length scale a. Since Eq. (6.30) is
a transcendental equation, it is difficult to obtain an exact solution. We solve Eq. (6.30)

numerically by fixing pg(c) such that the normalization constraint,

/OO dy pr(y,c) = 1, (6.31)

o0
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is satisfied. In Fig. 6.2 we show the comparison between the scaled density profile
[obtained by solving Eq. (6.30)] and data from MC simulations (using the standard
Metropolis algorithm) for three rescaled temperatures ¢ = 0.1,1.0,10.0 and three sys-
tem sizes N = 32,64, 128. We find quite remarkable scaling collapse of the MC data with
system size which also agrees with the field theory results for both the harmonic (§ = 2)
and quartic (§ = 4) traps.
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Figure 6.2: Comparison of scaled equilibrium density profiles pgr(y,c), obtained from
Monte-Carlo simulations with field theory [Eq. (6.30)] denoted by ‘FT’, for the HR model
with [(a)-(c¢)] harmonic trap (0 = 2) and [(d)-(f)] quartic trap (§ = 4). We show Monte-
Carlo data for three values of ¢: ¢ = 0.1, ¢ = 1.0 and ¢ = 10.0, for N = 32,64, 128. Here
the scaled variables are related to the unscaled variables as y = 2/N and ¢ = T/N° as
given in Eq. (6.28).

Although the explicit analytical solution of the saddle point given in Eq. (6.30) is
highly nontrivial to obtain, one can study the behavior of the density for low ¢ < 1
and high ¢ > 1 analytically using asymptotic analysis (see Appendix A.9.1). At zero

temperature the hard rods have a density profile given by

Q=

for y < |5
pr(y.0) = 3 (6.32)
for y > |%‘ )

o
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The density profile at low temperatures can then be approximated as

c1

pr(Y.c) = pr(y,0) + pi(y,c),

(6.33)

where the deviation from the zero temperature density up to the first iteration (see

Appendix A.9.1 for more details) is given by

.

1 ¢ f
—= or ly| <y.— O(c
a (yg_y5> | | ( )
* (1 —a ot )2><
N PR PR
P1 (y7 C) ~ s s
(1 ~exp [_ycc-gf D for |y — ye| < O(c)
S 5
1 Ye—Y
= exp <Cc—6> for |y| > y. + O(c).
\
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Figure 6.3: A comparison of the asymptotic densities up to the third iteration (see Ap-
pendix. A.9.1) with the densities obtained from the numerical solution of Eq. (6.30),
denoted by ‘FT’, at low temperature ¢ = 0.01 for the HR model in [(a)-(c)] harmonic
trap (0 = 2) and [(d)-(f)] quartic trap (§ = 4) shows the densities for hard rods confined
to harmonic trap (0 = 2). Here [(a),(d)] show the bulk (|y| < y. — O(c)), [(b),(e)] edge
(ly — ye| < O(c)) and [(c),(f)] tail (Jy| > y. + O(c)) regions. The vertical dotted line
represents the position y = y. given in Eq. (6.35) and this determines these three regions.

Here y. is the position at which the term in the parenthesis of Eq. (6.30) changes sign

and is given by

Yo = (LRO)S.

1

=

19

(6.35)



The density at y = y. is denoted by

Pr = PR(Ye, C)- (6.36)

Note that y. given in Eq. (6.35) determines the three regions (see Appendix A.9.1) (i)
bulk region where |y| < y.—O(c), (ii) edge region where |y—y.| < O(c), and (iii) tail region
where |y| > y. + O(c), which are displayed in Eq. (6.34). The higher-order corrections
have also been computed and are presented in Appendix A.9.1. The expression Eq. (6.33)
is verified with the numerical solution of Eq. (6.30) for ¢ = 0.01 in Fig. 6.3 showing the
three regions. For this comparison, the value of the chemical potential pg(c) is taken
from Fig. 6.4. Note that in Fig. 6.4 the behavior of pg(c) is non-monotonic: it increases
initially as c is increased from zero and thereafter decreases. This nonmonotonicity can
be explained by noting that at smaller ¢, particles can only be added to the edges of the
system which requires more energy (owing to the confining potential), without a large
increase in entropy. Hence pg(c) increases initially. However, for larger ¢, the gas expands
and this opens up gaps, larger than the size of the rods, between the particles in the bulk
of the system. Consequently, one can easily add an extra rod with a small energy cost and
a large entropy gain, essentially lowering the free energy change. Hence pg(c) decreases

with ¢ for larger c.

Figure 6.4: Chemical potential, pr(c), for the HR model obtained using Eq. (6.30) and
Eq. (6.31), plotted as a function of the rescaled temperature ¢ for harmonic trap with
9 = 2 (blue) and quartic trap with § = 4 (red). At large values of ¢ the chemical potential
is negative and diverges.

In the high temperature regime (¢ > 1) the spread of the gas increases which in turn

dilutes the gas i.e., pr(y,c) < 1. Using this low-density approximation in Eq. (6.30),
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we obtain the approximate analytical expression of the density profile (up to the first

iteration), given by (see Appendix A.9.1)

e>1 1 pur(c) o°
N - - = 6.37
pR(y> C) e eXp ( c o ) ( )

where the chemical potential pg(c) is obtained numerically by solving Eq. (6.30) along
with the normalization condition [Eq. (6.31)] as shown in Fig. 6.4 and e = 2.71828 is
the Euler’s number. We can obtain higher order terms of the density by also considering
subdominant corrections originating due to the presence of interaction as shown in Ap-
pendix A.9.1. The expression Eq. (6.37) and the subdominant corrections (up to third
order) are verified with the numerical solution of Eq. (6.30) for both traps in Fig. 6.5 for
c=10.0.

0.200

0 1st
znd
3rd

—— numerical

0.175 A

0.150 A

0.125 A

0.100 A

pR(y: C)

0.075 A

0.050 A

0.025 A

0.000 e

Figure 6.5: Comparison of the asymptotic densities up to third order (see Ap-
pendix. A.9.1) with the numerical solution of Eq. (6.30), denoted by ‘FT’, at high tem-
perature ¢ = 10.0 for the HR model confined to (a) harmonic trap (§ = 2) and (b) quartic
trap (6 = 4).

6.4.2 Hyperbolic Calogero model

Unlike the hard rods (HR) model, for the hyperbolic Calogero (HC) model, each particle
is coupled to all the other particles. The field theoretic formulation of the hyperbolic
Calogero model has been studied [219]. However, the average thermal density profiles
at finite temperatures have not been computed yet. Based on the approximate scheme

outlined in Sec. 6.3 and the approach described in Refs. [45,92,224], we compute the
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finite temperature density profiles for the hyperbolic Calogero model below. The free
energy in this case is given by (see Appendix A.8.2)

o oo, 8] = [ de pl) [Usto) + Il + Slog o)) (639

where ¢(k) = Y07 n" is the Riemann Zeta function. Note that, despite the all-to-
all coupling, the contribution to the free energy per particle due to interactions gets

renormalized to a local term in the density field, and is given by

Fuepla), B) = JC@)p(a)? + %log o(2). (6.39)

Here 37 'logp(x) is the contribution due to the configurational entropy. To compute
the average thermal density p*(x,T), we extremize the free energy functional given in
Eq. (6.38) along with the normalization condition [Eq. (6.19)] which gives the chemical

potential

pn(B) = Us(x) + 3C(2)p"(x, T)? + T(1 +log [p"(z, T)]). (6.40)

As in the case of the HR model, to obtain a scaling form for the density profile, we use

the density normalized to unity py(z,T) = p*(z,T)/N in Eq. (6.40) and get
(B) = Us(@) +3¢(2)Npx (2, T)? + T(1 +log [Npx (2, T)] ). (641)

We can extract the system size (N) and temperature (7') dependence of the density
pn(x,T) by substituting the scaling form ansatz

pN(x7 T) = N""pc <y7 C) ) :UN(ﬁ) = MC'(C)N)\c? (6'42)

with the scaled variables

o T
~ Noac’ C_NVC’

y (6.43)

in Eq. (6.41). Here a¢ and v are scaling exponents which are determined by requiring

that Eq. (6.41) is N independent for large-N and depends only on the scaling variables.
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Doing so, we get

2 20 20

- R d \g=——. 44
2+5’ e 214 an C (6 )

ac= 240

The value o = 2/(2+ 6) can be understood from the O(N%H) extent of the gas at zero
temperature [45]. This leads to O(N®“%*1) energy of the system in the ground state. For
the entropy term to contribute to the free energy one needs to scale the temperature by

N implying v¢ = acd. Eq. (6.41) finally becomes

yé

pe(c) = 5T 3¢(2)pc(y, )? + clog pe(y, o). (6.45)

We solve Eq. (6.45) numerically by fixing pc(c) such that the normalization constraint,

/ " dy pely.e) = 1, (6.46)

o0

is satisfied. In Fig. 6.6, we show the comparison between the scaled density profile
obtained by solving Eq. (6.45) and data from MC simulations for ¢ = 0.1,1.0,10.0. We
observe good agreement albeit with some small discrepancies, the origin of which is not
understood clearly at present. The value of the chemical potential pc(c) is obtained as
a function of ¢ by numerically solving Eq. (6.45) subject to the normalization condition
Eq. (6.46), which is shown in Fig. 6.7. Unlike the HR model, we find that uc(c) decreases

monotonically in this case.

Similar to the HR case, obtaining the exact solution of Eq. (6.45) is highly nontrivial
for an arbitrary ¢. However, we can study the average thermal density profiles using
asymptotic analysis for small ¢ < 1 and large ¢ > 1 (see Appendix A.9.2). At zero
temperature, ¢ = 0, the density is exactly known and is governed by the interaction
term only, since the contribution to the free energy from the entropy is zero. The zero

temperature density is given by [45,92]

N

As (P —y°)? for |yl <l
0 for |yl >,
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Figure 6.6: Comparison of scaled equilibrium density profiles pc(y, ¢), obtained from
Monte-Carlo simulations with field theory [Eq. (6.45)], denoted by ‘FT’, for the HC
model with [(a)-(c)] harmonic trap (6 = 2) and [(d)-(f)] quartic trap (6 = 4). We show
MC data for three values of ¢: ¢ = 0.1, ¢ = 1.0 and ¢ = 10.0, for N = 32,64, 128. Here

the scaled variables are related to the unscaled variables as y = x/N* and ¢ = T/N"°,
where a¢ and ¢ are given in Eq. (6.44).

where

[SIE

As = [36¢(2)] (6.48)

and the edge of the support of the density is given by

| = (MC(O)(;)S _ (ﬁ) ’ (6.49)

with

B(z,y) = /0 dr v N1 —r)¥ (6.50)

being the Beta function. pc(0) in Eq. (6.49) is the scaled chemical potential at zero

temperature, obtained by imposing the normalization condition [Eq. (6.46)], and is given
by

(6.51)



Figure 6.7: Chemical potential uc(c) for HC model, computed by using Eq. (6.45) along
with the normalization condition Eq. (6.46), plotted as a function of the rescaled tem-
perature ¢ for harmonic trap with § = 2 (blue) and quartic trap with § = 4 (red). At
large values of ¢ the chemical potential is negative and diverges.

where
[[n] = / dr " e, (6.52)
0

is the Gamma function.

For ¢ # 0, the entropy starts contributing to the density. As the rescaled temperature
is increased from zero, i.e., ¢ < 1, we can obtain the approximate analytical form of the

density profile, as shown in the Appendix A.9.2, which is given by

1

pc(y,c) = po(y,0) + pi(y,c). (6.53)

Here the deviation from zero temperature density (up to the first iteration) is given by

(

pC(yv 0) X

(c)—pc(0)—clog pc(y,0)

~ @ forlyl <ye—O(o), 651
pi(y,c) = o (v —) ; (6.54)
5(c+6¢(2)pg?) or |y —ye| < O(c),

exp (%) for |y| > y. + O(c),

\

and the higher order corrections are provided in Appendix A.9.2. Similar to the HR
model, here y, = (uc(c)é)% and p5 = pc(ye, ) is the value of the density at y = y.. In

Fig. 6.8, we find a good agreement between the expression Eq. (6.53) and the numerical
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Figure 6.8: A comparison of the asymptotic densities up to third order (see Ap-
pendix. A.9.2) with the densities obtained from the numerical solution of Eq. (6.45),
denoted by ‘FT’, at low temperature ¢ = 0.01 for the HC model. Here we show the
densities for HC model confined to [(a)-(c)] harmonic trap (§ = 2) and [(d)-(f)] quartic
trap (6 = 4). Here [(a),(d)] show the bulk (Jy| < v.), [(b),(e)] edge (|y — y.| < O(c)) and
[(c),()] tail (Jy| > y.) regions. The dotted vertical line represents the position y = y.
which determines the three regions. In (c) and (f), as y = y. falls outside of the domain
of the z-axis, for the sake of presentation, we do not show the dotted line.

solution of Eq. (6.45) for ¢ = 0.01. Note that, for this comparison the value of the
chemical potential pc(c) is taken from Fig. 6.7, where we recall that pc(c) is obtained

by solving Eq. (6.45) along with the normalization condition [Eq. (6.46)].

As temperature increases the particles spread spatially over a wider region. Therefore,
at high temperatures, ¢ > 1, the gas becomes dilute i.e. pc(y,c) < 1. Using this low
density approximation in Eq. (6.45) yields (see Appendix A.9.2)

c>1 po(c) o y_6
c cd )’

pc(y,c) ~ exp (6.55)

where pc(c) is obtained numerically from Fig. 6.7. The form of the density in Eq. (6.55)
comes from the entropy which provides the dominant contribution to the density for ¢ >
1. In Fig. 6.9, for ¢ = 10, we find a good agreement between the approximate expression
of the density profile given in Eq. (6.55) (see Appendix A.9.2 for higher correction) and
the numerical solution of the Eq. (6.45).
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Figure 6.9: Comparison of the asymptotic densities up to third order (see Ap-

pendix. A.9.2) with the numerical solution of Eq. (6.45), denoted by ‘FT’, at high tem-
perature ¢ = 10.0 for the HC model confined to (a) harmonic trap (§ = 2) and (b) quartic

trap (0 = 4).

6.5 Conclusion

To summarize, we have presented the equilibrium density profiles at finite temperatures

of two integrable models, the hard rods and the hyperbolic Calogero model, in harmonic

and quartic traps. For these models, inter-particle repulsion is strong enough to prevent

particle trajectories from crossing. The trap confines these systems spatially and breaks

integrability. For these two models, we studied equilibrium density profiles using a field

theory approach and Monte Carlo (MC) simulations.

Model \ Trap

Harmonic (§ = 2)

Quartic (6 = 4)

Figs. 6.6a, 6.6b, 6.6¢

Hard rods Eq. (6.27), Eq. (6.27),
aR:177R22a aR:]-)’YR:Zl)
Figs. 6.2a, 6.2b, 6.2c | Figs. 6.2d, 6.2e, 6.2f
Hyperbolic Calogero Eq. (6.42), Eq. (6.42),
&025770:17 aozéafyczéa
Ao =1 Ao =1

Figs. 6.6d, 6.6e, 6.6f

Table 6.1: A summary of the scaling behavior of the densities for the hard rods (HR)
and the hyperbolic Calogero (HC) model in harmonic and quartic traps.

We developed appropriate field theory for these two models by extending the approaches
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used in Ref. [45]. From the field theory we computed the equilibrium density profiles,
and their dependence on system size N and temperature 7. The field theory calculations
predict precise scaling forms for the equilibrium density profiles as functions of N and 7.
A summary of the scaling forms is given in Table 6.1. We find that the predictions from
field theory for hard rods agree remarkably well with MC simulations (Fig. 6.2). For the
hyperbolic Calogero model, the agreement is also reasonably good (Fig. 6.6).

Our work provides a framework for investigating the non-equilibrium dynamics, ther-
malization and transport in integrable models confined in external potentials. More
precisely, one can ask whether these systems under Hamiltonian dynamics are ergodic
and chaotic, and whether or not they equilibrate/thermalize when placed in different
confining traps. This is an area of active current research both theoretically [211] and
experimentally [78]. In the next chapter, we will study the dynamics of the hard rod
model in a harmonic and quartic trap and investigate the thermalization properties of
the system.

This chapter describes the study from the following published work, Ref. [225]:

J. Kethepalli, D. Bagchi, A. Dhar, M. Kulkarni, A. Kundu, “Finite temperature
equilibrium density profiles of integrable systems in confining potentials”, Phys. Rev. E

107, 044101 (2023)
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Chapter 7

Unusual ergodic and chaotic

properties of trapped hard rods

7.1 Introduction

The question of how isolated many body systems thermalize is of long-standing interest; a
canonical study is that of Fermi, Pasta, Ulam and Tsingou (FPUT) [65]. The surprising
finding of FPUT was that a one-dimensional anharmonic chain of oscillators did not
exhibit equipartition of energy even at very long times, with the system showing quasi-
periodic behavior and near-perfect recurrences. Various mechanisms have been proposed
to explain the results of FPUT [66-69], e.g, proximity to integrable models such as
the Korteweg-De Vries equation [74] or the Toda model [75-77] as formalized by KAM
theory [70], the stochasticity threshold [71], the presence of discrete breathers [226] and
most recently the formalism of wave turbulence [73].

One striking feature of this system is a separation between the timescales for equili-
bration and chaos. From numerical simulations of the a-FPUT model [75,227,228], it was
shown that for generic initial conditions [75], the timescale for the system to thermalize
(defined as the time to reach equipartition of energy) was much longer than the timescale
needed to observe chaos (defined as the time for the system to escape from regular regions
in phase space to chaotic ones), with both timescales increasing as the energy per particle
decreased and appearing to diverge at some critical value. (However, recent studies based
on wave turbulence seem to indicate the absence of any such threshold [73].) Some sub-

tleties in defining thermalization times and their possible relation to Lyapunov exponents
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were investigated recently in Ref. [229]. Despite a vast body of literature on the topic,
a definitive theory of thermalization in the FPUT chain still eludes the community and

there appears to be no consensus.

More recently, another family of clean many-body systems that fail to thermalize
under their dynamics has been scrutinized. These systems consist of particles with in-
tegrable two-body interactions, which are placed in an external trapping potential that
breaks both translation symmetry and integrability of their interactions. Given that the
trap breaks integrability, such systems are naively expected to thermalize to the Gibbs
ensemble, but a prominent experiment realizing a trapped Lieb-Liniger gas with ultracold
rubidium atoms showed that this expectation was not warranted [78]. A detailed theory of
the resulting Newton’s-cradle-like dynamics had to await the development of generalized
hydrodynamics [80,81] (GHD). While the latter theory appears to be more than adequate
for modeling short-time dynamics of such trapped integrable systems [83-86,211,230,231],
the fate of these systems at long times and in the absence of experimental imperfections

remains somewhat unclear.

For example, previous work on one-dimensional classical hard rods in an integrability-
breaking harmonic potential [84] found numerically that despite the dynamics exhibiting
positive Lyapunov exponents, the system did not thermalize to a Gibbs state at the
longest accessible simulation times (on the order of ten thousand periods of the trapping
potential). Moreover, the long-time steady state was found to be a stationary state of
the ballistic-scale (i.e. non-dissipative) GHD equations (as suggested previously [83]).
This observation, together with further numerical findings reported below, appears to be
incompatible with a subsequent proposal [86] that diffusive corrections [232,233] to gen-
eralized hydrodynamics inevitably lead to thermalization in integrability-breaking traps.
Even if thermalization does occur for harmonically trapped hard rods at numerically in-
accessibly long times, it remains to be explained why this timescale is so long. Systems of
rational Calogero particles have also been found not to thermalize on accessible timescales
in traps that are expected to break integrability [211] (though this is not in tension with
theory [86] insofar as diffusive corrections to the rational Calogero GHD vanish [211]).
Finally, we note that the effect of integrability-breaking by traps has been studied for the
classical Toda system [206,209]. In this case, it was found that the harmonically trapped
system was weakly chaotic while the quartically trapped system displayed strong chaos
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and thermalization.

Thus despite much recent progress, several fundamental questions concerning the ther-
malization of trapped integrable particles remain unresolved, including whether or not
these systems are truly ergodic, whether they can support additional microscopic conser-
vation laws, and how far these properties coexist with chaos. Another open question, in
answer to which there is conflicting evidence in the literature, is whether the stationary
state in a generic trap is the Gibbs state [86] or one of infinitely many non-thermal sta-
tionary solutions to ballistic-scale GHD [83,84]. We will address some of these questions
below.

In this paper, we study the effects of integrability breaking in one-dimensional systems
of hard rods of length a that are confined to external potentials of the form U(z) = ka°/§
with strength £ > 0, where 6 = 2 for harmonic trap and 6 = 4 for the quartic trap. We
diagnose chaos, ergodicity and thermalization in these systems through probes such as
the maximal Lyapunov exponent (LE), the equipartition of energy between rods, and the
position and velocity distributions of the rods. We find that while quartically trapped
rods behave like a typical non-integrable many-body system, harmonically trapped rods
exhibit many drastically different and unexpected properties. The only additional mi-
croscopic conservation law for harmonically trapped rods beyond the total energy, E,
appears to be the energy of the center of mass, Eom = 525 [(3; )% + (3, v:)?]. Nev-
ertheless, we find that the system appears to be non-ergodic, has unconventional chaos

properties, and fails to thermalize to the Gibbs state even at extremely long times.

Below we summarize our main findings (see Table. 7.1):

1. We find that in a harmonic trap, a system of N = 3 hard rods shows a strong
signature of integrability in the form of a vanishing maximal Lyapunov exponent
(Fig. 7.1a) and a regular Poincaré section (Fig. 7.1b). This is in striking contrast
to the case of two rods confined to a quartic trap, which has both finite (positive)
and vanishing Lyapunov exponents ( Fig. 7.1¢) and a mixed phase space with both
chaotic and regular regions (Fig. 7.1d). Our findings hint at the existence of more

conserved quantities for three rods in a harmonic confining potential (see also [84]).

2. For any finite number of rods N > 3 in a harmonic potential, we find that the

LE is positive. Nevertheless, we find compelling evidence that the system is highly
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non-ergodic. This is demonstrated by the strong initial-condition dependence of
the LE and the time-averaged kinetic temperature (Fig. 7.2). Such non-ergodicity
is further suggested by the broad distributions of Lyapunov exponents and rescaled
temperatures (Fig. 7.3). These distributions are obtained by time-evolving initial
conditions that are sampled uniformly from the constant F, E.;, microcanonical
surface (see Sec. 7.3 for details). Remarkably, hard rods confined to a quartic
trap exhibit qualitatively completely different behavior, and we find evidence of
conventional chaotic thermalizing dynamics expected for generic, non-integrable,

classical many-body systems (Fig. 7.4).

3. The system is described completely by two dimensionless parameters: the rescaled
energy, e = E/(N°"'ka’) and the number of rods, N. For the harmonic case with
fixed e, the average maximal Lyapunov exponent (\) converges to a finite value with
increasing N. This converged value shows an ~ e~!/2? scaling over a wide range of
e values (Fig. 7.5a). In sharp contrast, for the quartic case the average LE (()\))
for a given N grows as ~ e'/2 and the proportionality constant increases with N

(Fig. 7.5b).

4. We find intriguing behavior in the approach to thermalization of macroscopic ob-
servables, such as density profiles and velocity distributions, for macroscopic sys-
tems of trapped hard rods. For both trap shapes, we study thermalization starting
from four different types of initial conditions, each of which is determined by choos-
ing either a spatially uniform or bimodal (Newton’s-cradle-like) position distribu-
tion and choosing either a uniform or a Maxwellian velocity distribution. For each
of these four initial conditions, we find that harmonically trapped rods approach
different stationary states at large times, none of which corresponds to the conven-
tional Gibbs state (Fig. 7.8). On the other hand, we find that quartically trapped
rods thermalize, eventually reaching the stationary Gibbs state for different initial

conditions (Fig. 7.9).

The paper is organized as follows. In Sec. 7.2 we describe the model in detail and
define the diagnostics that we will be using to characterize its dynamics. In Sec. 7.3, we
discuss the numerical methods employed. In Sec. 7.4, we present the results of extensive

molecular dynamics simulations of trapped hard rods. We conclude and discuss some
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open questions in Sec. 7.5.

7.2 Models and definitions

We consider one-dimensional hard rods of length a and unit mass in a confining potential,

given by the Hamiltonian

=

-1

H{x;,v}) = Z [% + U(azl)l + V(|zigr — xi]), (7.1)

i=1 i=1

where {z;, v;} denote the position and the momentum of the i'" rod such that z,,1 > z;+a

for 1 <7 < N — 1. We consider a confining potential of the form
Ulx) =k— (7.2)

with two values of §

2 for a harmonic trap
5= (7.3)

4 for a quartic trap

The interaction term for hard rods is of the form
V(r)= (7.4)

Under the resulting Hamiltonian dynamics, the rods collide elastically with their
neighbors, upon which they exchange momenta instantaneously. In between collisions,
the rods move independently in the trap potential. Scaling distances and time by the
natural length and time scales, a and 7 = 1/ \/W, respectively, one finds the total

energy of the system is given by

5N i xf
E=kd) 53 (7.5)
=1

The minimum energy, FE.,, of the system is attained by a close-packed configuration
centered at the origin, with all particles at rest. It is clear that E,, ~ ka’ N°*'. We are

interested in observing thermalization at high enough temperatures such that the central
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density of the gas is reduced from this close-packed density by a factor of order one or
more. This requires excitation energy F., = E — E,, of the same order as F,, or larger.
From Eq. (7.5), we see that the only relevant parameters in the system are the rescaled

energy [225]
E

T NoHL 0

(7.6)

and N. In the following, without loss of generality, we can set a = 1,k = 1 and compute
various physical quantities for different values of the parameters e and N. We further

note that for the harmonic case, there is a second conserved quantity

1 2 2
=S

beyond the total energy, which is the energy of the center of mass [84]. The center of
mass moves autonomously, and the relative motion of the rods is independent of that of
the center of mass, so without loss of generality for the harmonic trap we can restrict to
Een = 0. Note that this also implies that Xe, = >, 2; = 0 and Pe, = Y, v; = 0 are

separately conserved.

For these systems, we compute the finite time Lyapunov exponent, A(t), and its infinite

time limit, A\, defined respectively as

1
A(t) =lim - In d ,
A= tliglo A®),

where dy = € is the separation between the two initial phase-space points, and d; is
their separation at time t. For chaotic systems A > 0, which represents the exponential
divergence of phase-space trajectories for an infinitesimally small initial separation. It
is possible to write a linearised dynamics for the variable z; = d;/e in the ¢ — 0 limit,
which provides an accurate method for computing \. We use this method for computing
Lyapunov in the harmonic case, whereas for the quartic case, we compute it directly
from the evolution of two different initial conditions. In both cases, we use the widely
used numerically efficient method due to Benettin, Galgani and Strelcyn [234]. To probe

thermalization, we compute the (running) time average of the scaled kinetic temperature
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of the individual hard rods defined as

=L h Ti(t) = 1/tdt’ 2(t) (7.9)
CZ_N‘S’ where ilt) =5 ; U; , .

and check for equipartition.
To study the relaxation dynamics and equilibration to a Gibbs state, we compute the

spatial density profile p(x,t) and the velocity distribution P(v,t) defined as:

N
pla,t) = D 0z — (1), (7.10)
i=1
N
Plut) = (60— ). (7.11)
i=1
where < --- > denotes an average over many initial microscopic states with the same

initial density profiles and velocity distributions, drawn from a microcanonical ensemble
with constant energy e and E., = 0. Details of the preparation of these initial states
are given below in Sec. 7.3. If the system thermalizes to a Gibbs state, then one expects
that p(z) will be the same as the equilibrium distribution obtained from Monte-Carlo
simulations whose temperature is fixed so that the average energy (appropriately scaled)
equals e. The corresponding velocity distribution P(v) will be Gaussian at the same

temperature.

7.3 Numerical methods

In this section, we outline the various numerical methods and conventions that we will
use both in and out of equilibrium.

Time evolution: For the harmonic case (0 = 2), one can evolve the equations of mo-
tion using exact and numerically efficient event-driven molecular dynamics (EDMD). For
the quartic trap (§ = 4) case, we employ standard molecular dynamics (MD) simula-
tions using a symplectic velocity-Verlet integration scheme. During collision events, we
exchange the velocities of the particles at the first instant that any two adjacent rods
overlap, defined as x;,; — x; < a. To ensure the accuracy of this approximation, we use
a very small time increment dt = 1076.

Stochastic momentum exchange dynamics (SMED): To sample initial conditions uni-

135



formly over the phase space from a microcanonical ensemble with e fixed and E.,, = 0, we
allow momentum exchange of randomly chosen pairs of neighboring particles at random
times in addition to the usual Hamiltonian dynamics. This stochastic process conserves
the total momentum and energy of the system. For the harmonic trap case, this stochas-
tic momentum exchange dynamics (SMED) also conserves the center of mass energy Fey,.
The SMED exhibits the expected equipartition of energy (flat temperature profiles) and
insensitivity to initial conditions, both of which are consistent with ergodicity.

Initial state preparation: To check the initial condition dependence of the maximal

Lyapunov exponent A\ and its distribution we used microcanonical initial conditions gen-

erated by the SMED.

To check thermalization, we prepare the system with specified nonequilibrium spatial
density profiles p(x) and velocity distributions P(v) consistent with given values of e
and E., = 0. This is achieved via the following protocol. First, we distribute the rods
spatially by the required density profile p(x), imposing the hard-rod constraint and fixing
the center of mass at x = 0. We then compute the total potential energy FE, for this
configuration and subtract it from the total energy E to obtain the total kinetic energy
Ex. The velocities are drawn from the distribution P(v) and then shifted and rescaled
by appropriate factors so that the center of mass velocity vanishes and the total kinetic
energy is exactly Ex. In this work, we consider two non-thermal choices of p(x): either
uniform over a finite width (denoted U), or a Newton’s-cradle-like profile consisting of
two uniform blobs, each of finite width and separated by an O(N) distance (denoted
Nc). For the velocities, we consider two choices of P(v): either uniform (denoted U) or
Maxwellian (denoted Mx). This leads to four possible choices of non-equilibrium initial

conditions: (i) U-U, (ii) U-Mx, (iii) Nc-U, and (iv) Nc-Mx.

7.4 Results on Chaos, ergodicity and thermalization

As mentioned earlier, one naively expects that the presence of the trap makes the system
chaotic (A > 0), ergodic (no long-time dependence on the details of the initial condition),
and non-integrable (strictly fewer than N independent integrals of motion). In the follow-
ing, we investigate these properties in detail by computing the Lyapunov exponent and

kinetic temperatures for different NV in harmonic (§ = 2) and quartic (§ = 4) trapping
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potentials.

7.4.1 Chaos and ergodicity

It is easy to see that the dynamics of 2 hard rods (N = 2) is integrable for the harmonic
trap because of the presence of the second conserved quantity E.,. This is however not

the case in a quartic trap, as will be elaborated below.

a —_— \\
)10 1] NS Iog(ﬂ
t

10—2.

A(t)

10! 102 103 10

101 102 103 104

Figure 7.1:  Plots of (a) time-dependent Lyapunov exponent A(t), and (b) Poincaré
section for N = 3 rods in the harmonic trap for 10 and 6 different initial conditions,
respectively, with F' = 6 and E.,, = 0. Figures (c,d) show plots of A(¢) and the Poincaré
section for N = 2 rods in the quartic potential for 5 and 2 initial conditions, respectively,
with energy £ = 3.2. To compute A(t), we used linearized dynamics for (a) and two
trajectories with € = 1071% for (c). The log ¢/t behavior in (a) and the regular sections in
(b) are consistent with the integrability of N = 3 rods in the harmonic trap. Interestingly,
figure (c) reveals the existence of both chaotic and non-chaotic trajectories for the quartic
case. This is also reflected in (d) where we observe two types of patterns, namely scattered
(black) and regular (red).

N = 3 rods (harmonic trap): We first consider the case of N = 3 rods in the harmonic
trap with F., = 0. We find that the systems display features akin to integrable systems as
exhibited by the existence of non-chaotic trajectories with Lyapunov exponents decaying

as \(t) ~ log(t)/t (Fig. 7.1a). This is similar to integrable models such as the Toda
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chain [229]. The Poincaré sections are shown in Fig. 7.1b where we observe regular

patterns consistent with Fig. 7.1a.

N = 2 rods (quartic trap): In striking contrast to the above case, the behavior of
even N = 2 rods in a quartic trap shows both chaotic and regular trajectories, as depicted
in Fig. 7.1c. This observation is consistent with the Poincaré sections shown in Fig. 7.1d,
where we observe that the phase space of two hard rods can have disjoint chaotic regions
(scattered) and non-chaotic (regular) islands. However, our observations indicate that
the phase space volume of the regular island is much smaller than that of the chaotic

region even for N = 2.

N > 4 rods (harmonic trap): We find that many trajectories for N = 4 rods in a
harmonic trap are chaotic, although still non-thermalizing. We compute A(t) and ¢ (t)
for different initial conditions (IC) obtained from SMED simulations (see Section 7.3)
for two values of the rescaled energy, e = 0.5 and e = 5.0. The results are shown in
Figs. 7.2a,c and Figs. 7.2b,d, respectively. We find that the values of A(t) and ¢ ()
at late times are sensitive to the choice of initial condition. Interestingly, we observe
that even for N = 4 there is a fraction of trajectories for which A(¢) decays in time for
all numerically accessible times, as for the case of N = 3 rods (see Figs. 7.2a,b). To
investigate equipartition we plot ¢;(t) for ¢ = 1,2,3,4 for a single initial condition in
Fig. 7.2e for e = 0.5, and observe that ¢i(t) = c4(t) and co(t) = c3(t) # c1(t) at late
times. This is also observed for e = 5.0 in Fig. 7.2f. These observations suggest that the
N = 4 system is chaotic but not ergodic for most choices of initial condition.

To quantify and further investigate the IC dependence and non-ergodicity in systems
with different numbers of rods N, we compute the probability distributions P()) and
P(cy) of the late time values of A(t) and ¢;(¢), obtained from an ensemble of ICs (once
again generated using SMED) for e = 0.5 (Figs. 7.3a,c) and e = 5.0 (Figs. 7.3b,d).
Interestingly, for the distribution P()), we see a peak near A = 0 for N = 4 arising
from the non-chaotic trajectories observed in Figs. 7.2a,b. This peak, however, decreases
sharply with increasing N. Further, we observe that the mean of the distribution P(\)
behaves non-monotonically with increasing N. On the other hand, the width of the
distribution seems to decrease with increasing N. The fact that the distributions of

both A and c¢; are still quite broad even at the largest system size N = 32 studied is
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Figure 7.2: Time evolution of A(t) and ¢, () for N = 4, starting from 40 different initial
conditions (each color denotes one initial condition) generated using the SMED protocol,
for (a,c,e) e = 0.5 and (b,d,f) e = 5.0. This shows the strong dependence on initial
conditions of the late-time values of A(t) and ¢;(t) for N = 4 hard rods in a harmonic
trap. In (e) and (f) we show the evolution of the time-averaged values of ¢; = T;/N? of
N = 4 hard-rods for e = 0.5 and e = 5.0 respectively, for one realization. In the long
time limit, ¢; and ¢4 are equal but have a value that is significantly different from ¢y and
c3, indicating a lack of energy equipartition.

strong evidence for a lack of ergodicity in the system. To demonstrate that ¢t = 10°
is a sufficiently long time for computing the distributions P(\) in Figs. 7.2a,b, we, in
Figs. 7.3e,f plot the distribution of A(¢) at different times for N = 8. We observe that
these distributions initially display some narrowing, but seem to converge to a limiting
form of finite width at long times. This suggests that the system is genuinely non-ergodic
and that the identification of A with A(¢) at ¢ = 10° in Fig. 7.3a,b is justified.

These numerical results are consistent with the following possible scenarios for the

harmonic trap:

e The disappearance of the peak in P(\) at A = 0 with increasing N indicates that
any possible KAM-like non-chaotic islands occupy negligible phase-space volume in

the limit of large system size.
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Figure 7.3: (a,b,c,d) Distribution of the maximal Lyapunov exponent A and rescaled
temperature c¢; of the left-most rod, for 4 < N < 32, computed at time ¢ = 10°. The
system sizes corresponding to different plots are provided in sub-plot (¢). We find a
significant breakdown of ergodicity for hard rods in this harmonic trap. (e,f) Distribution
of A for N = 8 at different times, 10® < ¢t < 10°, which shows that P(\,t) approaches
a steady limiting distribution at late times. The initial conditions for all the plots are
generated using the SMED: (a,c,e) for e = 0.5 and (b,d,f) for e = 5.0.

e The non-vanishing width of P(\) and P(c;) for the simulated values of N suggests
the existence of multiple chaotic islands with distinct values of A and ¢; in a given

microcanonical shell.

e These chaotic islands could arise either from extra conserved quantities or from
strong kinetic constraints (e.g. high entropy barriers) that prevent movement be-
tween different islands. In the former case, we expect that the width of the dis-
tributions P(A) and P(c;) will not go to zero even for long times and large N.
In the latter case, these distributions will eventually become sharp at sufficiently
long times, yielding unique values of A and ¢; for any N. Our numerical results in

Fig. 7.3(e,f) are in closer agreement with the former scenario.
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Figure 7.4: Probability distribution of (a) maximum Lyapunov exponents A and (b) ¢
for N = 4 rods in a quartic trap. We observe that both distributions collapse at different
times after shifting by their respective means and scaling by v/¢t. This indicates that the
width of these two distributions decreases with time and becomes increasingly sharp, in
contrast to our findings for the harmonic trap depicted in Fig. 7.3. In the insets, we show
the time evolution of A and ¢ for 20 different realizations (each color denotes one initial
condition), all of which converge to a unique value at late times, regardless of the initial
conditions.

N > 4 rods (quartic): For the quartic trap, numerically obtained distributions for
P(A(t)) and P(cy(t)) are shown in Figs. 7.4a and 7.4b respectively, for different times
from ¢t = 100 to t = 10*. In contrast to the harmonic trap, we find that both these
distributions are sharply peaked and that their width decreases with time as ~ ¢~ 1/2
(see the scaling in Fig. 7.4). This suggests that hard rods in a quartic trap thermalize.
This conclusion is supported by the insets of these figures, which demonstrate that A(t)
and ¢;(t) converge to unique values (within statistical fluctuations) for different initial
conditions. Thus our numerical simulations find negligible dependence of the late-time
dynamics on initial conditions, which is evidence for thermalization, and consistent with

ergodicity (testing the latter directly would require a more detailed analysis of individual

phase-space trajectories).
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Figure 7.5: Plot of average maximal Lyapunov exponent ((\)) with rescaled energy e for
(a) harmonic and (b) quartic trap. The average number of collisions per unit time (n.op)
as a function of total energy e for N = 8 for (¢) harmonic trap and (d) quartic trap.

7.4.2 Energy dependence of chaos

In this section, we investigate how the mean maximal Lyapunov exponent (\) (obtained
from the distributions in Figs. 7.3a and 7.3b) depends on the rescaled energy e and N for
both traps. We observe that in the case of the harmonic trap, (A) roughly saturates to
a non-zero value at large N for a fixed value of e. In Fig. 7.5a, we plot these saturation
values as a function of e where one observes that (\) decreases with e as ~ 1/4/e at large
e. A similar decrease of (\) with increasing energy has been reported earlier for soft rods
in a harmonic trap [235]. For the quartic trap, in contrast to the harmonic case, (\) does
not appear to converge with increasing N for the range of N values studied here. For
fixed N, () grows with increasing e as ~ /e for large e as can be seen from Fig. 7.5b.
This square-root dependence of A on temperature is also observed in other non-integrable
systems [236,237].

To understand this intriguing dependence of A on e better, we compute the average
number of collisions per unit time (n.yy;) in both traps, for a fixed N = 8 and for different

values of the energy e. These are shown in Figs. 7.5¢ and 7.5d for the harmonic and the
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quartic trap respectively. From Fig. 7.5¢ we find that (n..) decreases in the harmonic
trap as e is increased. Thus, as the energy is increased the hard rod gas expands and
collisions become rarer. We expect that this reduced rate of collisions is responsible for
the decrease in (\) with increasing e for the harmonic trap. In contrast, we find for the
quartic trap that (n.y) increases as e is increased (see Fig. 7.5d), which may cause the

increase of (\) with e.

7.4.3 Thermalization in macroscopic systems

In previous sections, we studied the chaos and ergodicity properties of hard rods in
harmonic and quartic traps. For harmonic traps, we found numerical evidence that for
large N the system is chaotic but not ergodic, while for quartic traps we found that the
system was both chaotic and thermalizing (and most likely ergodic). A notable feature
of the harmonic trap is that the dynamics become [less chaotic as the rescaled energy is
increased.

Whether these results have any bearing on thermalization in macroscopic systems is a
nontrivial question, which we now address. We will study this question by looking at the
time evolution of non-equilibrium density profiles and velocity distributions of trapped
hard rods (evolving under Hamiltonian dynamics) and checking whether these relax to
the Gibbs state.

To this end, we compute p(x,t) and P(v,t), as defined in Eqs. (7.10) and (7.11), as
a function of time for four choices of initial condition (see Sec. 7.3) with fixed values
of e and E., = 0. In Figs. 7.6a and b we show p(x) and P(v) for small times 0 <
t < 7 = 2, with N = 128 hard rods in the harmonic trap, starting from IC Nc-
M, i.e, from Newton’s cradle initial condition in space (two spatially separated blobs
of rods) with velocities chosen from a Maxwell distribution. It is clear that the rods,
starting from a two-blob initial condition (at ¢ = 0), go through “breathing” dynamics
and exhibit large oscillations in their density profiles and velocity distributions. As the
system “breathes”, the density profile goes through different intriguing shapes that are
shown in Fig. 7.6a. Such transients in the finite-time dynamics of trapped integrable
systems are well documented by now [78,84,85,203].

After these initial transients, the position and velocity distributions begin to approach

a stationary state. We plot the single-particle distributions for N = 128 hard rods in a
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Figure 7.6: (a) Density profiles p(z) and (b) velocity distributions P(v) in the harmonic
trap, with e = 0.5 and N = 128, that appear at different times within one time-cycle
of the trap, 0 < t < 7 = 2w. These profiles are obtained starting at t = 0 from a two-
blob density profile and Gaussian velocity distribution (i.e. Nc-Mx) of the hard rods.
For all the figures in (a) and (b), the abscissa runs from —400 to 400. For (a) and (b),
the ordinate scale ranges are 0 — 0.007 and 0 — 0.01 respectively. As can be observed,
the hard-rod system in a harmonic trap has an initial ‘breathing-mode’ dynamics and
exhibits oscillations in the distributions, somewhat resembling Newton’s cradle. For our
parameters, these oscillations damp out in O(20) cycles.

harmonic trap at late times t = 500, 10, 10*. These distributions are shown in Figs. 7.7a-
d for e = 0.5 and e = 5.0. To check whether or not the rods thermalize in the long-time
limit, we also plot the corresponding single-particle distributions obtained from SMED,

which are expected to recover the microcanonical ensemble.

Strikingly, in the harmonic trap, we find that the density profile obtained from the
microscopic dynamics even at the longest accessible times, ¢t = 10*r, (where 7 = 2w—” is
the time period of the trap) is very different from the SMED prediction. The velocity
distribution is also found to differ from the SMED prediction, for both e = 0.5 and
e = 5.0. Thus the hard rod gas does not thermalize in a harmonic trap even at the
very longest accessible times. This is consistent with earlier work, which found that the
long-time steady state of harmonically trapped hard rods was a non-thermal stationary
solution to ballistic-scale GHD on comparable timescales [84]. It appears that for smaller
e, the density and velocity profiles are closer to the equilibrium forms obtained from
SMED. Thus, quite intriguingly, we find that harmonically trapped hard rods at a higher

rescaled energy e are less chaotic, retain the memory of their initial conditions for longer,

and show greater reluctance to thermalize than systems at lower e.

To argue convincingly against thermalization, we must further check that the late-
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Figure 7.7: Time evolution of density and velocity profiles: (a,c) for e = 0.5 and (b,d)
e = 5.0 for N = 128 hard rods in a harmonic trap, starting from Newton’s cradle initial
condition (i.e. two spatially separated blobs of rods) with Maxwellian velocities (Ne-Mx,
in the notation of Sec. 7.3). The times simulated are indicated by the legend in (b). These
plots illustrate that at late times (¢ = 10%7) the density profiles and velocity distributions
obtained from EDMD converge to forms that differ from those obtained from SMED.

time behavior of the system is sensitive to the choice of initial condition. In Fig. 7.8, we
investigate the late-time behavior of hard rods in a harmonic potential for several initial
conditions and compare them with the corresponding thermal predictions from SMED.
The four different initial conditions (see Sec. 7.3) considered are (i) uniform density and
uniform velocity distribution (U-U), (ii) uniform density and Maxwell velocity distribu-
tion (U-Mx), (iii) Newton’s cradle density and uniform velocity distribution (Ne¢-U), and
(iv) Newton’s cradle density and Maxwell velocity distribution (Nc-Mx). We find that
neither the density profiles nor the velocity distributions of the late-time microscopic dy-
namics are consistent with SMED. Remarkably, even the late-time distributions obtained

by evolving different initial conditions under the microscopic dynamics are distinct from
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one another, implying non-ergodicity.
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Figure 7.8: In this figure, we investigate the initial condition dependence of the late time
(t = 10'7) distributions obtained from EDMD of hard rods in a harmonic potential.
These are compared with thermal predictions obtained from SMED. We compare the
density and velocity profiles of 128 rods at two energies (and : (a-c) e = 0.5 and (b-d)
e = 5.0. We use four different initial conditions: (i) uniform density and uniform velocity
distribution (blue dashed line), (ii) uniform density and Gaussian velocity distribution
(red dotted line), (iii) Newton’s cradle density and uniform velocity distribution (yellow
dashed-dotted line), and (iv) Newton’s cradle density and Gaussian velocity distribution
(magenta dashed-double-dotted line). We find that neither the density profile nor the
velocity distribution agrees between EDMD and SMED (black solid line), even at long
times t = 10*7. We also observe that late-time density profiles depend on the choice of
initial condition for both temperatures.

In sharp contrast, hard rods in a quartic trap thermalize rapidly to a Gibbs state,
regardless of the choice of initial condition. This is shown for two macroscopically distinct
initial conditions in Figs. 7.9a and b (for the NC-Mx initial condition) and Figs. 7.9¢ and
d (for the U-Mx initial condition), where long-time density and velocity distributions
obtained from the microscopic dynamics are compared with the expected equilibrium
distributions. We observe excellent agreement for both choices of initial condition.

To characterize the lack of thermalization of the hard rods in a harmonic trap in a more
quantitative manner, we characterize the ‘distance’ of the EDMD density profiles p(z),

from the expected equilibrium distributions psyep(x) (obtained from SMED), using the
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absolute value norm, defined as

o

Dis(p: panen) = / dz |p() — e ()] (7.12)

—0o0

The absolute value norm as a function of time, for two different e values, is shown
in Fig. 7.10. As anticipated, Dy, for e = 5.0 is clearly larger than Dy, for e = 0.5.
Furthermore, Dy;(t) at long times (¢ ~ 10%7) seems to saturate to a non-zero value,

implying a lack of thermalization.

0.06 1
~— 0.04
X
N
Q
0.02 1
0.00 1
-20 0 20 —-200 0 200
X "4
0.010 A
0.008 1
—
> 0.0061 —
N
Q. 0.004 A
0.002 4
0.000 A . T T =
—-400 -200 0 200 400

4

Figure 7.9: Time evolution of (a-c) MD density and (b-d) velocity distribution for hard
rods in a quartic trap, starting from (a-b) Ne-Mx and (c-d) U-MX initial condition,
compared with Monte-Carlo profiles for N = 16 and e = 0.10. In this case, the MD profile
converges to the Monte Carlo (MC) result appreciably fast, and the velocity distribution
approaches a Gaussian at late times, as expected for a non-integrable system.

7.5 Conclusions

In this paper, we have investigated chaos, ergodicity and thermalization for one-dimensional

gases of classical hard rods in harmonic and quartic traps. Our work demonstrates that
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Figure 7.10: Time evolution of the distance measure, Dy, [defined in Eq. (7.12)], between
p(x) and psvep(x) for e = 0.5 and e = 5.0 in a harmonic trap. For both EDMD and
SMED, the system is initially prepared in the Nc-Mx initial condition. The oscillations
at small times are consistent with the oscillations observed in Fig. 7.6. The saturation of
Dy to non-zero values at large times indicates a lack of thermalization to a Gibbs state.

thermalization properties are radically different between harmonic traps (6 = 2) and
quartic traps (0 = 4). In the harmonic case, even though the system has a positive Lya-
punov exponent confirming that integrability is broken, the dynamics nevertheless appear
to be non-ergodic and fail to thermalize on the accessible timescale. This is markedly
different from expectations for conventional non-integrable classical many-body systems.

Our main findings for the case of N > 3 hard rods are summarised in Table. 7.1.

Our results hint at the existence of additional microscopic conserved (or quasi-conserved)
quantities that give rise to non-ergodic behavior in a harmonic trap even when the Lya-
punov exponents are positive. The special case of N = 3 displays non-chaotic (zero
Lyapunov exponent) behavior. On the other hand, hard rods confined to quartic traps
exhibit conventional non-integrable behavior, namely positive Lyapunov exponents and

thermalization to the expected Gibbs state.

Our work suggests several interesting open questions for hard rods in a harmonic trap
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N >3 Harmonic Quartic
Chaos Yes Yes
(Fig. 7.2 and 7.5) || (Fig. 7.4 and 7.5)
Ergodicity No Consistent with yes
(Fig. 7.3) (Fig. 7.4)
Thermalization No Yes
(Fig. 7.7 and 7.8) (Fig. 7.9)

Table 7.1: The table provides a summary of our findings for N > 3 hard rods confined
to harmonic and quartic traps. The case of N = 3 rods in a harmonic trap is special
(Fig. 7.1a,b) because it is characterized by vanishing Lyapunov exponents although its
quartic counterpart, even for N = 2, has non-zero Lyapunov exponents (Fig. 7.1¢c,d).

such as: (i) finding the extra conservation law for N = 3, assuming this exists (it was
previously argued that any such conservation law must be non-analytic in the dynamical
variables [84]); (ii) understanding the dependence of A on energy e and N (see Fig. 7.5)
; (iii) understanding whether hydrodynamics can capture the regime of intermediate
times between the initial and late-time dynamics [84]; (iv) exploring whether this lack of
ergodicity for large N has any relation to the known additional, “entropic” conservation
laws of ballistic-scale GHD [83-85,238], or some hitherto undiscovered conservation laws
of the full dissipative hydrodynamics.

We expect that some of our findings will be valid more generally for systems of classical
or quantum particles confined to a trap that breaks the integrability of their interactions.
We note that studies of the Toda chain [206,209] have also indicated drastic differences
in transport properties in a harmonic trap compared to quartic traps. As a more extreme
example of such unusual behavior, the rational Calogero model remains integrable in both
harmonic and quartic traps [239], and its ballistic scale hydrodynamics is integrable in
any trap [211]. A complete theory of this rich phenomenology of integrability breaking
by traps remains elusive for now.

This chapter describes the study from the following published work:

D. Bagchi, J. Kethepalli, V.B. Bulchandani, A. Dhar, D.A. Huse, M. Kulkarni, A.
Kundu, “Unusual ergodic and chaotic properties of trapped hard rods”, Phys. Rev. E
108, 064130 (2023)
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Chapter 8

Conclusions and Outlook

In this thesis, we study the classical 1d Riesz gas confined to an external potential.
This system consists of N number of particles that repel each other through an all-
to-all pairwise interaction, that follows a power-law behavior of the form |z; — z;|7",
where x; represents the position of the it" particle. The exponent k determines the
interaction range, with £ > 1 corresponding to short-range interactions and k£ < 1 to
long-range interactions. We study the Riesz gas in Gibbs equilibrium to understand how
the equilibrium properties of the system change as the interactions are modified from
short-range to long-range by tuning k. Furthermore, we study the equilibrium and non-
equilibrium properties of the hard rods confined to an external trap at high temperatures.

The hard rod model is & — oo limit of the Riesz gas.

In our study, we focus on k > —2, as for smaller values of k, the repulsive potential,
|z; — x;]7%, becomes dominant when the particles are confined in a harmonic trap U(x) ~
22, Due to competition between the repulsive interaction and confinement, a typical
configuration of this system possesses a characteristic length scale Ly which depends on
the exponent k£ and the number of particles N. The explicit expression for Ly is provided
in Eq. (2.6) and is Ly 2 O(1). Consequently, the total energy of the system is super
extensive. To examine the equilibrium properties of the Riesz gas, we consider the system
to be in Gibbs equilibrium at temperatures 7'~ O(1). At this temperature regime, the
entropy term in the free energy is negligible in comparison to the energy term. Hence, the
physical properties are dominated only by the energy term. In Ref. [45], a coarse-grained

description of the system was developed in the form of field-theoretic energy. Using this

field theory and the saddle point method the average density profile was computed. We
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extend this method to study the equilibrium properties of various coarse-grained physical

quantities of the harmonically confined Riesz gas at T~ O(1).

In chapter 3, we study the average density of a harmonically confined Riesz gas [see
Eq. (2.1)] in the presence of a hard wall located at W. This density can be classified
into three different regimes of k (i) short-range (k > 1), (ii) weakly long-range (—1 <
k < 1) and (iii) strongly long-ranged (—2 < k& < —1) as depicted in Figs. 2.3 and
3.1. Furthermore, we discovered a first-order phase transition for the strongly long-range
system as the scaled wall position (w = W/Ly) is shifted to the left of a critical value
w = w*(k). Below this, the wall essentially absorbs all the particles making a supercharge,
and no extended part is left. The strength of the supercharge M (w) plays the role of
an order parameter that undergoes a jump to a value 1 as w is decreased through w*(k).
This constrained density profile is important for the computation of the distribution of

the position of the right-most particle .y in the thermodynamic limit [see Eq. (3.1)].

In chapter 4, we study the distribution of the position of the rightmost particle x ., of
the harmonically confined Riesz gas. We numerically observe that the typical fluctuation
Of Ymax = ZTmax/Ly around its mean is of O(N~"). We show that the exponent 7
obtained from the Hessian theory predicts the scale of typical fluctuations remarkably
well. The distribution of atypical fluctuations to the left and right of the mean (Ymax)
are governed by the left and right large deviation functions, respectively. We compute
these large deviation functions explicitly V& > —2 and numerically verify them. We
also find that these large deviation functions describe a pulled-to-pushed type phase
transition as observed in Dyson’s log-gas (kK — 0) and 1d one component plasma (k =
—1). Remarkably, we find that the phase transition remains 3'¢ order for the —2 <
k. Our results demonstrate the striking universality of the 3'@ order transition even in
models that fall outside the paradigm of Coulomb systems and the random matrix theory.
Furthermore, our study is an important step forward in improving our understanding of

extreme value statistics in strongly correlated systems.

The study in chapter 5 provides a detailed analysis of FCS of a confined short-range
Riesz gas (k > 1). We focused on the number and the index distribution, which charac-
terize the fluctuations of the number of particles (W, N) and J(W, N), respectively, in
two distinct domains, namely [-W, W] and (—oo, W]. We analyze the probability distri-
butions of (W, N), 9(W, N) and show that they individually exhibits a large deviation
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forms for large N characterized by a speed N %2 and by a large deviation function of the
fraction of the particles (c¢) inside the respective domain and W. We show in Fig. 5.2, that
the density profiles that create the large deviations display interesting shape transitions
as one varies ¢ and W. This shape change gets manifested by a third-order phase tran-
sition exhibited by the large deviation function that has discontinuous third derivatives.
We find that the typical fluctuations of 1(W, N) and J(W, N), obtained from the field
theoretic calculations are Gaussian distributed with a variance that scales as N¢, with
v, = (2—k)/(2+ k). Furthermore, we adapt our formalism to study the linear statistics
(the variance), thermodynamic pressure and bulk modulus. Our study is a major step
forward in generalizing results of Dyson’s log-gas and the 1dOCP to a broader class of

interacting particles i.e., Riesz gas systems with k£ > 1.

In chapter 6, we study the high-temperature equilibrium properties of the hard rods
and the hyperbolic Calogero model, in harmonic and quartic traps. These two mod-
els effectively correspond to special values of k of the Riesz gas, k — oo and k = 2,
respectively. Furthermore, they are integrable in the absence of confinement but the
confinement breaks the integrability of the Hamiltonian dynamics. We study the average
density profile of these two models at T ~ O(L3). We use field theoretic techniques
to compute the density profile and their scaling with system size and temperature and
compare them with results from MC simulations. A summary of the scaling forms is
given in Table 6.1. In both cases, we find reasonably good agreement between the field
theory and simulations (Figs. 6.2 and 6.6). Our work provides an analytical approach
for understanding the equilibrium properties of interacting integrable systems in confin-
ing traps. This work provides the foundation to study the thermalization properties of
integrable systems in integrability-breaking traps. We can use these density profiles to

understand whether the system thermalizes to the expected Gibbs state.

In chapter 7, we shift our focus and study the dynamics of the 1d gases of classical hard
rods in harmonic and quartic traps, which breaks microscopic integrability. We investigate
its chaos, ergodicity and thermalization properties. To quantify the strength of chaos in
this system, we compute its maximal Lyapunov exponent numerically. The approach to
thermal equilibrium is studied by considering the time evolution of single particle position
and velocity distributions and observe that at late time these distributions become time

stationary. We compare these stationary profiles with the Gibbs state studied in the
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previous chapter 6. Our work demonstrates that thermalization properties are radically
different between harmonic and quartic traps. In the harmonic case, even though the
system has a positive Lyapunov exponent confirming that integrability is broken, the
dynamics nevertheless appear to be non-ergodic and fail to thermalize on the accessible
timescale. Our results hint at the existence of additional microscopic conserved (or quasi-
conserved) quantities that give rise to non-ergodic behavior in a harmonic trap even when
the Lyapunov exponents are positive. The special case of N = 3 displays non-chaotic
(zero Lyapunov exponent) behavior. On the other hand, our numerical results reveal
that hard rods in a quartic trap exhibit both chaos and thermalization and equilibrate
to a Gibbs state as expected for a nonintegrable many-body system. Our main findings

for the case of N > 3 hard rods are summarised in Table. 7.1.

In this thesis we studied the Riesz gas, initially focusing on its low-temperature prop-
erties and later examining its high-temperature behaviour, particularly in cases where
k= 2 and k — oo. We further study the unusual thermalization properties of the
k — oo case. Interesting future prospects include the study of the equilibrium proper-
ties of the Riesz gas for general k in various external traps, at high temperatures where
entropy and energy have comparable contributions to free energy. Another interesting
direction is to investigate the Riesz gas in higher dimensions d > 1, focusing on the be-
haviour of equilibrium density profiles. Additionally, constructing a field-theoretic free
energy fucntional for the short-range case when k > d remains an open problem.

The Riesz gas encompasses diverse models and exhibits complex behaviours, making
its thermalization properties an intriguing area of study. Such studies could clarify the
role of the range of interaction (short and long) in thermalization. While the dynam-
ics of the Riesz gas have attracted significant interest for systems connected to a heat
bath [47,240,241], the thermalization of an isolated Riesz gas remains an open question.
One promising approach to studying this is hydrodynamics, which emphasizes the evo-
lution of the densities of conserved quantities like mass, momentum, and energy over
the microscopic observables. However, hydrodynamics assumes local equilibrium, and
whether it can effectively describe long-range systems with non-local interactions is still
uncertain and warrants further investigation. Similarly, in a kinetic theory approach
when the interaction is weak and Kac-rescaled, one would obtain the appropriately mod-

ified Vlasov equation (see Ref. [242]). Solving the Vlasov equation could give insights
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into how such systems relax.
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Appendix A

Appendix

A.1 Constrained density profiles
In this Appendix, we detail our derivation of the constrained scaled density for —1 < k < 1

in Eq. (3.34), and for and for —2 < k < —1 in Eq. (3.48).

A.1.1 Regime?2:-1<k<1

We start with the solution of the Sonin equation (3.31), as given in Egs. (3.32) and (3.33).

For convenience we rewrite here the particular solution wu(2) in Eq. (3.33)

2A, k|2 T 0 r w1 O [1 kil ko1
uk(z) = %5 (/ (- 2) 5/0 he(y)y ™ (t—y) dydt) , (A1)
2 7 2 z

where hi(z) = Ax(z — qx(w)). This Eq. (A.1) can be written as

2Ak|K| k=1 O

up(z) = Wz 2 %[2(2«/, k) (A.2)

where

! s D

Lz k) = / At = =) 5 ) (A.3)
t k—1

I(t ) = / dy b (y)y 5 (¢ — )3 (A1)
0

The integral [;(¢, k) in Eq. (A.4) can be computed explicitly and we get

Lt k) = ﬂk;HkB <k ; Lk ;L 1) (t <%) _ qk(w)> . (A.5)
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Taking a derivative of the Eq. (A.5) with respect to ¢, we get

0 E+1 k+1 w1 (F+3 Arqe(w)(k+1)
&Il(t’k):B(T’T) (ﬂ'ff ( 1 )‘ ) t)' (A4.6)

Substituting this result in Eq. (A.3), the integral I5(z, k) reads

1
L =8 (LA ( [ 2D,

) /1 e Z)%ﬂqu(w)(k: + 1))_

2

Now taking a derivative with respect to z gives

%JQ(Z,@:B(E %) ﬂk(l_z)z?(qk(w)(kﬁLl) - (1+k:+22)) A8

2 2 4

We then finally get from Eq. (A.2)

k=1 kt1 14+ k422
up(z) = Aglklz 2 (1 —2) S, (qk(w)(k: +1)— 5 ) (A.9)
In terms of v, = k—;l it reads
i (2) = Akl A (1 = 2% (= = u2a(w) — 1)) . (A.10)

Substituting this in Eq. (3.32) gives

oz, w) = (2(1 — z))w_1 (Co — Aplk| AL (1 = 2) (2 — 1 (2gk(w) — 1)) > . (A1)

which is indeed Eq. (3.34) in the main text.

A.1.2 Regime 3: -2<k< -1

Equation (3.46) in the main text reads explicitly

/0 dz’wm(z’, w) = A(z — qrp(w)) + Br(gr(w) — z)~* (A.12)

|Z/ _ Z|k+1
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where A, = _ik(mk”, ge(w) = i‘:illz, q(w) = % and By, = —Dj(w). The solution of

the Sonin equation (A.12) is given by
k=1
or(z,w) = Co(2(1—2)) * + w(z) (A.13)

with the particular solution wuy(z) given by

2A: |k z% 0 ! _ w1 O [° ket k-1
u(2) = B(%uil)é (/ dit (e —2)" a/o dy hi(y)y * (t—y)? ) (A.14)
27 2 Z

where hy(2) = Ax(z — qr(w)) + Br(gr(w) — 2)~*+V. This can be written as

QALK w0

up(z) = MZTEIQ(Z, k) (A.15)

where X
L(z, k) = (/ dtt " (t — z)’“?%h(zﬁ, k)) (A.16)
R e e (A17)

The integral [, (¢, k) in Eq. (A.17) becomes

Il(t,k):ﬂktHkB(kJrl k“) (t( R )—qﬁw))

2 2 72
5 (A.18)

We take the derivative with respect to ¢t to get

ath(t,k:)-B( s )(ﬂkt y t

(k+Dg [ r2(1-r)z
+ By /(;dr( .

t2

The integral in the second term in Eq. (A.19) can be done by a change of variable

r(a—1)

with a = g’“iw) , (A.20)

S =
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where we have assumed that @ > 1 (which can be verified a posteriori). Doing the

above variable transformation and performing the integral in Eq. (A.19) we get
k+3

1 k+1 k—1 k+2 -
e (l—r)T 1( t ) (k+1 k:+1)< t ) 2
dr I B|l——,—— 1— . (A21
/o (el _ etz 2\ gr(w) 2 2 gr(w) ( )

t

Using Eq. (A.21) in Eq. (A.19) we write

9Ltk =B (ﬂ ﬂ) (%kt’”l (k+3> _ () (k+1)

ot 2 2 4 2

. )
3k(k+1)( t )( t ) 2
+ 1—
2gk(w)  \ gr(w) gr(w)
Substituting this in Eq. (A.16) we get
1 1\ /! !
Iyz,k)=B (kL’ kL) / dt (t — z)%wt
2 2 s 4
1 I . 1
- B (k% k%) / dt (t — z)'ﬁﬂ’“q’“(wg(k ) (A.23)

k+3

E+1 k+1\ [* ki1 By (k + 1) t \

B|—— —— dt (t — 2 1-— .
¥ ( > o )/ N e e oy

The first two integrals in the above equation can be straightforwardly reduced to Beta

functions. For the third integral, we first transform t — r = (t — z)/(1 — z) and then take
a derivative with respect to z. The resulting expression for the integral is now amenable
for analytical calculation once we make the transformation given in Eq. (A.20) but now

with a = (gr(w) — 2)/(1 — z). We finally get

B k+1 k+1 (1—2)% [ [ (k+1)(gr(w) — 2)qr(w)
gt =5 (5 ) Al o (( B o
. ((1 th+2)(ge(w) —2)  Buge(w)(k+ ) ) > |
4 27k (g1 (w) (gi (w) — 1))
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Using this expression in Eq. (A.15), we get

B 2T (l—2) w 14+ k+2z w) — »
w2) = Al ﬂk( (o + 1 - ) ) - )
(A.25)
B glw)k+D) )
A (gi(w) (ge(w) = 1) 5
In terms of v, = k—;l it reads
wn(z) = _AMMZW;ZS)—_Z)% A, ((fyk(l —2q(w)) + 2) (gr(w) — 2)
(A.26)
Bi 27kgk(w)
A (gr(w)(gr(w) — 1))“) '
Substituting the above expression in Eq. (A.13) gives
Oz, w) = (2(1 = 2)) 7| C, — ARlk|(1 = 2) A, (1 = 2qp(w)) + 2)
' reau(w) (A.27)
—z Vegr (W
A = ) aw) - 1>>w] ’

which is indeed Eq. (3.48) in the main text.

A.2 System size dependence of o,

Here, we provide plots of the numerical data for log, 02  vslog, N (symbols) in Fig. A.1

(for confined Riesz gas [Eq. (2.1)]) and Fig. A.2 (for the Hessian Hamiltonian [Eq. (4.24)])
for different values of k. For each k the slope of the linear fit (solid lines) of this data

provides the exponent (7, n,ghMC)) which we plot in Fig. 4.3.

A.3 Large deviation functions

In this appendix, we present the details of the derivation of the LDF (®.(w,k)) which
characterizes the distribution of the atypical fluctuations. To obtain the LDF & (w, k),
we use the energy functional Eq. (3.17) in the formal expression of the LDF given in

Eq. (4.43). We study all the three regimes of k separately and compute ¢, (w, k), for (a)
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Figure A.1: Plots of the logarithm of the variance of the position of the rightmost particle
obtained using the MC simulations of the confined Riesz gas Hamiltonian [Eq. (2.1)]
versus the logarithm (base-2) of system size N (disks) for (a) k = —1.5, (b) k = —1.25,
(¢) k = —0.75, (d) k = —0.5, (e) k = —0.25, (f) k — 0, (g) k£ = 0.25, (h) k£ = 0.5, (i)
k=0.75, (j) k=1.0, (1) k=125, (n) k= 1.5, (m) k= 1.75, (n) k = 2.25, (0) k = 2.5.
Here we use a linear fit (solid lines) of the data to extract the slope —2n.

k > 1 given in Eq. (4.47) and (4.48), (b) —1 < k < 1 given in Eq. (4.55) and (4.56) and
(¢c) =2 < k < —1 given in Eq. (4.69) and (4.71).

A.3.1 Regime 1:k>1
Left large deviation function: We start by rewriting the expression of the left LDF
¢_(w, k) given in Eq. (4.43) as

luc

dy yzpuc(y)) :

(A.28)

(I)_(w, k’) :ﬁ (lk('UJ)Q - (luc)2 + k/_i(w) dy ysz(y,w) - k\/_

luc
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k=-0.25
1/1_]"\1( '=0.713

i) i ?
m ' =0.626

g) (i
o =0.612

G 7 8 9 6 7 8 9 G 7 8 9
logy N logy N logy N
-8
~ s
© 10
E‘_:H
~
, 10 .
~ 3 N S
g 12 S
N ¢ N
& k=2.0 : 1\ k=225 & k=2.5
S -4 m),];_h'\[(':o.824 gS) Ui_h,\l( 0,867 RS o o) ,]i‘h.\[(lzolgOl
6 7 K 9 6 7 8 9 6 7 s 9
logy N logy N logy N

Figure A.2: Plots of the logarithm of the variance of the position of the rightmost particle

obtained using the MC simulations for the Hessian Hamiltonian [Eq. (4.24)] versus the

logarithm (base-2) of system size N (disks) for (a) & = —1.5, (b) k = —1.25, (¢) k =

—0.75, (d) k = —0.5, (e) k = —0.25, (f) £ — 0, (g) k = 0.25, (h) k=0.5, (i) k = 0.75,

(j)) k=10, (1) k=125, (n) k=15, (m) k = 1.75, (n) k = 2.25, (o) k = 2.5. Here we
MC)

use a linear fit (solid lines) of the data to extract the slope —277,(c

Substituting the expression of the constrained density from Eq. (4.44), unconstrained

density from Eq. (2.18) in Eq. (A.28), and using a variable transformation

Y+ k(w)
- (A.29)
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the left LDF can be expressed in terms of an auxiliary variable, my(w) = w;lr]f’(“i(;;’) [see
Eq. (4.45)] as
1 2 2 2y5+3 ) 1)* T
(1. k) =g | 1(0)° = ()® + R o) /O d (23 ) (01-2)
1 1\ 2
S ( - 5) (2(1— =)™ |
0
(A.30)

Using Eq. (4.46) in Eq. (A.28) we can further simplify the expression in terms of incom-
plete Beta function as given in Eq. (4.47), i.e.,

__(w)? 4k
T 20k+1) | Blmg(w), e+ 1 +1) (B<mk<w)’7’“ +3,% +1)
— B(my(w), v + 2,7 + 1) + B(mk(w)ﬁZJr Ly + 1)) - %%2)2)
(A.31)

Right large deviation function: The formal expression for the PDF of the atypical fluc-
tuation to the right of the mean is given in Eq. (4.41) from which the right LDF can be

written as

<I>+<w,k>=(“’2;l“ + 2 [t (2 1 )) (A.32)

L jw—=y[* [l —yl*

Note that the right LDF has two parts: (1) an external potential term and (2) an inter-
action term. In the large- N limit, the interaction term becomes negligible, since N — oo
implies N/ L?VH — 0, compared to the external potential term, which is a consequence of

the short-ranged nature of the force. Hence, we obtain Eq. (4.48) which is given by

w? — (luc)2

(I)+<w>k) = 2

(A.33)
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A.3.2 Regime?2:-1<k<1

Left large deviation function: The expression for left LDF given in Eq. (4.43) is simplified
using the formal equation for the chemical potential Eq. (3.28) which gives

2 2

w luc * 2

. ue . 20 (w) — (Lye

vwh) = [ a i) - [ a L+ Hiw) = )™y gy
—l (w) 4 —luc 4 4

We substitute the expression for the constrained density profile [pj(y, w)] from Eq. (3.38)
and the unconstrained density profile [p} .(y)] from Eq. (2.18) in the above simplified
expression Eq. (A.34). Using the change of variable

—Lk(w)wi w) =w w
z = Th ) th Ly (w) + Ui (w), (A.35)

where Li(w) is the total size of the support, one can express Eq. (A.34) in terms of

auxiliary variables

Ly (w)

and ar(w) = 7S =5 T T h

gr(w) =
In terms of these auxiliary variables, the left LDF takes the form

B (1) = Ay (Lafw) [ as BB g ) )2 - )
0 (A.37)

— Ay (2luc)2%+3/0 dz @ (z(1— z))% + Q'MI:(U)>4_ (luc) .

To proceed further we now need to compute the chemical potential p}(w).
The chemical potential in Eq. (3.28) can be simplified by a variable transformation

given in Eq. (A.35) which gives

(2 — gp(w))”
2

wi(w) = Li(w)? [ - Aksgn(k:)/o dr’

The integral in the square bracket can be split into two integrals as

/ drr2|£1—_er)2 (ge(w) — 1) _/z drr2(£‘1—_T§122 (ge(w) —7)
0 o e (A.39)
- [ )
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The first integral in Eq. (A.39) can be further simplified by using the following variable

transformation
Z—r
— A .40
S1 p 9 ( )
which gives
k+1 k—1
? rT(l —r)T
dr (gp(w) — 7
[t =
1 —k 1— kil _
Y N, AT
1—z\ 2 z
N (Ad1)
1—z\ 2 |, k+3 1—k -k 2z '
= Bl2—-—k —— F 22—k, ——
( > ) z < ka 9 ) 2471 |: 92 ) ka 9 72_ 1:|

k+3 1—-k 5—k =z
+Z(9k(w)—z)3(1—k77) 2F1[ 5 ,1—7%7,2_1}]-

Similarly, the second integral in Eq. (A.39) can be further simplified by using the following

variable transformation

= A.42
2T (A.42)
which gives
1 k41 k-1
rz (1—r)z
/Z dr o) (g—r)
1 —k k-1
1— —
_(l—z)Q/ dsy 22 ( 8231; <? 2—82>
o o) TN
£ k41 k41 35—k 2—1
z 2 —k z—
_ (1 : Z) [(1 ~2)(g—2)B (1 —k T) R {_T’ -k
k+1 k+1 5—k z—1
—(1-2)P°B(2—k,—— ) 2F |- 2 —k,——
( Z) ( ) ) 241 |i 9 ) ) 9 ) P :| ]
(A.43)
Note that the argument of the hypergeometric function in Eq. (A.41) is -*; whereas in

Eq. (A.43) it is %1 Hence to simplify this further we use the following hypergeometric
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function identity [243]

1
Bb+1,a+1)F |a+1,c,a+b+2,——
u

=u"'B(—a+c—1,a+1) sFi[a+1,-ba—c+2,—u] (A.44)

+u‘B(b+1,a—c+1) 2F1[c,—&—b+c—1,c—a,—u].

Substituting the above identity in Eq. (A.41), we can express the Eq. (A.41) as a function

z
z—1"

of %1 instead of Then using the new expression in terms of ZT_l and Eq. (A.43)
in Eq. (A.38), we can simplify the expression of uj(w) which after a tedious calculation

gives

. o 1 (gr(w) —1)°  gy(w) —1
pi(w) = L(w) <8_k: N S(k 1) 2’;@(k; + 1)) ' (A.45)

Since the chemical potential is a constant, we can independently find the value of y}(w)
by substituting z = 0 or z = 1 in Eq. (A.38). This expression is verified by numerically
evaluating the integrals in Eq. (A.38) directly and comparing with Eq. (A.45). This

comparison is shown in Fig. A.3. The remaining integrals in the left LDF given in

T
a9 7= . . !
3.75 o Numerical evaluation |

. . I
3.50 4 Theoretical expression t
I
3.25 I
— :
3 3.001 |
~— I
¥ o o
= 2.75 i
2.50 i

I

I

1

I

|

)

—1.0 —0.5 0.0 0.5 1.0 1.5
w

Figure A.3: Regime 2 (—1 < k < 1): For k = 0.5, the plot of chemical potential as a
function of the wall position, computed from numerical integration (circles) of Eq. (A.38)
for z = 0. This evaluation is compared with the simplified expression given in Eq. (A.45)
(solid lines). The parameter used for the computations is J = 1.

Eq. (A.37) can be expressed as beta functions. Now using the expression of the chemical
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potential from Eq. (A.45) in Eq. (A.37) we get

k+4

O_(w, k) =(k +2)(luc)? <1 L2k D) ) — 1))”“ [#

kE+1 k+4)
(A.46)
(gr(w) = 1) | 2(gr(w) = 1)*  4(gp(w) — 1)3} 1
k(k+1) k(k +1)2 (1+Fk)3 2k(k+4) |

as announced in Eq. (4.55). Here, the length of the constrained support Li(w) = w/(1 —
qr(w)) was expressed in terms of the auxilary variable gi(w) which was obtained using

Eq. (3.39).

Right large deviation function: In this regime both the external potential term and the
interaction term contribute equally to the right LDF in Eq. (A.32) since N — oo implies
N/L%? — 1. Hence the right LDF is given by

k+1

luc ((luc)2 _ y2)T w? (luc)2

o k)=A k d — = : A4
by =) | [ "y ) b (A7)
Using the following variable transformation
z= bue — Y and guc(w)™! = W b (A.48)
T, O T |

Eq. (A.47) can be expressed as

' 1—2)) % 2gue(w)t = 1" 1
& (w. k) = (20)? ( Awsen(k) [ dz— L ue — .

+(w, k) = (2he) ( ksen )/0 Z(z—l—guc(w)*l — 1)* " 8 8k

(A.49)
This can be further simplified to
Y " (k +3)(k +5)(k +7) (A.50)
k+1 k+3 5—k 4
2F1[_ 9 ' 9 ' 9 71_guc<w) ]

which is Eq. (4.56) of the main text.
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A.3.3 Regime 3: -2<k<—1

We start by expressing the normalization condition fi”lk(w) dypi(y,w) = 1 in terms of
the auxiliary variable hy(w) given in Eq. (4.67). Using the expression of the constrained

density given in Eq. (4.63) and the variable transformation

o= lkg:zw_) Yy with zk(w) = Zk(UJ) + lp(w), (A.51)
we get
o = () () - )
/—lk(w) pk(y’w) B (Ak 0 dZ zZ + hk( ) 1 + k(k T 1) >
_ m+1 (Ak — )T hy(w) T B (_¥’¥>
( JQF ’kJQFB) 2Fill, —(k +2), _% 1 — hy(w )])
hie(w) % (hyy(w) — 1)
( 1) ’
(A.52)

where f)k(w) is the size of the support of the extended part of the density profile. This
equation can be further simplified by using the fact that

k+3 k+5 1
A3 (_ 2 72 )_|I<:|(k:+1)’ (4.53)
which then gives
~ 2"yk+1
Ly (w E+1
( o >> B~k 42, - ) =1 (A54)

The position of the wall can be expressed as w = Ly (w) (hi(w) — ni(w)) where

) =y T2 TEer

(A.55)

The relation between ny(w) and hy(w) is obtained using Eq. (4.65). This finally gives
Eq. (4.68).
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Left Large deviation function: Since the structure of the field theory is the same, the
formal expression of the left LDF in this regime is similar to the previous regime given
in Eq. (A.34). However, the density profiles here are different, as in this regime the
constrained density given in Eq. (4.63) has a delta function of strength Dj(w) and a
disjoint extended part denoted as pj(y,w). For convenience we here write the explicit
expression of pj(y,w) from Eq. (4.63) as

) ) ) )
pb(y7 )_Ak‘ ( :

(A.56)

We use p;(y, w) = pi(y, w)[[—lp(w) <y < [(w)] + Di(w)d(y — w) in Eq. (A.34) which

gives

2t (w) + Dyp(w)w? — [HE) 2

4
(l )2 luc y2 e (A57)
e L )

luc

We substitute the expressions of p;(y,w) from Eq. (A.56), Dj(w) from Eq. (3.52) and
Pruc(y) from Eq. (2.18) in the above equation. Using the variable change given in
Eq. (A.51), we can now express the left LDF in terms of auxiliary variables hy(w) and

ng(w) given in Eq. (4.67) and Eq. (A.55), respectively. The left LDF then becomes

O (w, k) = Ay (f/k(w))%”g/o dz (1-— Qk(iU) — 2) Zz:_ }(;(;;)_21
~apngm [0 Bl oy BB - ()

(A.58)

To simplify this expression further we evaluate the chemical potential uj(w) first by

substituting the expression of the constrained density Eq. (4.63) in Eq. (4.62) and we get

2 w * /
. Y , Op (Y, w)
w) = "> — dy ———r-
# (1) 2 /lk(w) ly' —yl|*
2 I (w) N / kgj * (A'59)
Y . Je(w) +3) 7 (k(w) —y) Di(w)
- 5 Ak dy Y k - k-
2 e (w) (w =)y -yl (w —y)

It turns out to be non-trivial to compute it for an arbitrary value of y. However, it can
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be calculated for specific values y = —Ilx(w) and y = [;(w). Here we compute it for

y = lx(w), which formally gives

~w) (w—y) (A.60)

To perform the above integral, we use the variable transformation given in Eq. (A.51)

which simplifies the equation to

; =1 o | (1= ng(w))? ! (1—2)% 25
pi(w) = Li(w) [ 5 — Ak/o dz( T
_ hi(w) 5 (h(w) — 1)
k(k+1)
(A.61)
_ 7 o | (1 = ng(w))? B (%, %) o F) (%7 1,4, 17h1k(w)>
= Li(w) [ 5 — Ay O
_ hi(w) % (hi(w) — 1)¥
k(k+1)

Further using the hypergeometric identity in Eq. (A.44) and Eq. (A.55), one gets the

following simplified equation

. C (1 h(w) =1 (ha(w) — 1)2(k +2)
Hi(w) = Li(w) (@ T+ 1) 2kt 1) > ‘ (4.62)

To verify the validity of this expression we numerically perform the integral in Eq. (A.59)
and compare it with Eq. (A.62) in Fig. A.4. The left LDF given in Eq. (A.58), can be
further simplified by using the expression of the chemical potential from Eq. (A.62) and
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o Numerical evaluation
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Figure A.4: Regime 3 (—2 < k < —1): For k = —1.5, the plot of chemical potential as a
function of wall position, computed from numerical integration (circle) given in Eq. (4.62)
and the simplified expression (solid lines) given in Eq. (A.62). Here we considered J = 1.

representing the integrals in terms of hypergeometric functions,

1 (1—nk(w)—z) (1_z)§
Ak/o dz T o)
Ao [0 <1—z>k? Mg
:Zk ny(w) /0 dz oy h( = —2nk(w)/0 dz ) <1

A s (k43 k+5\ | k45
= 4(hp(w) — 1) ”’“(“’)B( 2 2 )2F1[ R w1
k+5 k+5 k+5
— 2ng(w)B (T’T) o [—— 5 71,/?‘1‘5,%]
k+5 k+7 k+5 1
+ B <T7T) 2F1[Tvlak+67 Tk(’w)]]
(A.63)

Using the hypergeometric identity given in Eq. (A.44) in Eq. (A.63) and simplifying, we
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get

Lo mw) = 2?2 (1= 0
Ak/odz k4 z 4 hg(w) — 1
Ay [3+k 34k
B 4B( 2 72 )
< SR —(k+2), _$ 1= hy(w)] [nk(w)Q
(g 2L (9. <55 1 = D) (A6
LR —(k +2), — kH 1 — hy(w)]
. k+5 o[l —(k+4), -5, k(w)]
4(k+4) JF[1, —(k+2), — ’f“ Ry (w)]
(w) " (hy(w) = 1) ( (k + 2)hy(w) — <k+3>)2
4k(k +1) 2(k+1) '

This Eq. (A.64) can be expressed further as

k+1

! (1—n(w)—z) (1—z)2
Ak/OdZ k4 2+ hp(w) — 1

B 1 [ (0)? — ma(w) oFu[L, —(k +3), = 5L 1 — hy(w))]

T | T e Sk 1 2), — 'fH 1~ ha(w)]
4 (L’“(w)> (A.65)
k+5 2R —(k+4), -5 1 — hy(w)]
4k +4) yF[1, —(k+2),— k“ 1 — Ry (w)]

ha(w)F (h(w) = 1) (2(k+2)hk(w)—(k;+3))2
4k(k+1) 2(k + 1) '

where we used Eq. (A.54). We then use this expression along with the simplified expres-
sion of the chemical potential given in Eq. (A.62) and the normalization condition from

Eq. (A.54) to get the final expression for left LDF given in Eq. (4.69).

A.4 Importance sampling method

Using a conventional Markov chain Monte-Carlo simulation using the Metroplis-Hashting

algorithm, we can explore the probabilities of the order n, ., where n,,. = number of data

mc?
points. However, to compute the probability of the extremely rare events say of order
1072 is not feasible to use this algorithm. Hence, we use the importance sampling

method [141,142,244] which is described here.
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Figure A.5: (a) We join the P(ymax)e?¥m> for different values of § by multiplying them
by the appropriate normalization constant considering there is a small overlap in the
argument of the distribution for two successive values of . (b) This stitching procedure
gives the distribution of ¥, in the unbiased problem for rare fluctuations.

Probability of the position of the edge particle for a given ensemble is

Ply) = 5" QUuHO(Y — Y. (A.66)
{v:}
where Q[{y;}] is the probability of a configuration {y;} and ymax is the position of the
rightmost particle. To sample atypical values of yy.x one needs to bias the sampling
procedure in the simulation. We run a Markov chain Monte-Carlo simulation using a
biased Metropolis-Hastings Algorithm given by the following weight for the jump from
configuration {y;} to {y.}:

A}, 1) = min (1, S -0 ) (A.67)

More precisely A({y;},{y.}) is the probability of acceptance of the new configuration
({y:}) given a configuration ({y;}). Note that > 0 biases the ensemble to have smaller
Ymax and € < 0 does the opposite. The stationary distribution of this Markov chain is

given by Qq[{y:i}] = Q[{yi}]e %=

Now using this algorithm one can numerically compute the PDF of y,,., in the biased
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simulation which we denote by FPy(y). We have

Py(y) =Y Qol{yi10(y — Ymax),

)
= 2 QUyi}e ™6 (y — Ymax), (A.68)
= e:‘)y {E; QUYiHO(Y = Yma),
which from Eq. (A.66) gives
P(y) = {2; QU0 — Ymax) = Paly)e™. (A.69)

Using this relation Eq. (A.69), we can compute the PDF [P(ymax = y)] of extremely large
fluctuations of Y. which can be obtained by considering larger absolute values of 6.
However for any 6 the width of the distribution obtained numerically is finite. Hence to
compute the PDF which also includes the rare fluctuations one has to simulate FPy(y) for
many values of 6 and these different biased PDF's are glued together by multiplying by
the appropriate normalization prefactor to Py(y) such that 6 # 0 connects smoothly with

6 = 0. A schematic cartoon of this procedure is shown in Fig. A.5.

A.5 Non-analytic properties of LDF ®(c, w)

In this appendix, we investigate the non-analytic properties of the LDFs ®(c, w) as given
in Egs. (5.36) and (5.37). We study the series expansions of the LDF ®(c,w) around
¢ = ¢(w) for a fixed value of w, where ¢(w) = (w/lo)i and around w = w(c) for a fixed
value of ¢, where w(c) = ¢**l,. For this analysis, we take advantage of the separable
nature of the LDF i.e. ®(c,w) = &y + Eout — Gue for the number distribution problem

[see Eq. (5.30)]. The energy &, and &, for the particles inside and outside the box
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[—w, w] is given by

Gle X c2tl for ¢ < ¢(w)
gin = and, (A?O)

Ge X Tl (%) for ¢ > ¢(w)

8out = Guc X (1 - C)Qalﬁ_lj{(%), (A?l)

where the constant G, is given in Eq. (5.28) and, the functions J(h) and H(h) are given
in Eq. (5.32) and Eq. (5.31), respectively. Here the length scales [ and [ are given in
Egs. (5.22) and (5.25).

A.5.1 P(c,w) for ¢ ~ ¢(w) for a fixed w

We first present the series expansion of the &, and &, separately as follows:

Energy within the boz (&;,): When the fraction of particles ¢ within the box [—w, w] is
slightly greater than the ¢(w), i.e., ¢ = (1 + €)¢(w) with 0 < € < 1, we can find the free
energy of particles inside the box by expanding the expression in Eq. (A.70) in terms of

€. This expansion yields the following series:

Ein = Gue (c(w)) " [1 4 Agy €+ Biy @+ Ciny (7% +0(e*1)], where,  (A.72)

el

k’2(1 + 2ak) (2ak)2+
(k+1)2k+1) B(3,£+1)
(A.73)

(1 + 20%)26!]ﬂ

Ain =1+ 2aka IBgin = 9 )

(Cin—i- -

To obtain Eq. (A.72) we use the expressions of [ and [ which are functions of ¢ and w
and are given in Eqgs. (5.22) and (5.25). The notation small ‘o’ specifically o(¢*) indicates

corrections smaller than ¢* as e — 0.

Conversely, when the fraction of particles within the box is smaller than ¢(w) and
satisfies ¢ = (1 + €)é(w), with € < 0 and |¢] < 1, we find that the energy of the particles

inside the box is given by:
& = G (e(w)) ™ [1 + A e+ By, € 4+ Col €4 0(eY)], (A.74)
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where the constants A;, and B;, are given in Eq. (A.73), and

(1 — 40[2)26%

Cin— =
6

(A.75)

Energy outside the box (8uy): Similarly, we examine the energy of particles outside the

box given in Eq. (A.71). We find the following expansion in powers of €

8out = Guc (1 - é(w))1+2ak [%(0) (]tl) -+ Aout €+ Bout 62 + Cout 63 + O<€4)], <A76)
Aout = il fYout %(1) (77/) - %;(—5)0%) (A??)
G w>>22ak L+20) B2 i ) b jow HO(R)(1+ 201)
Bou = 21— ew)? + 2P (h) ) , (AT8)
wmmm%4>@mfmmmem+m)mﬁm@~

Cout = 3 — 3 H h

6(1— ¢(w)) " 2 (1 —é(w)) % ()
c(w) h* 72 # (h)(1+ 204)

- S w) , (A.79)

where h = w/l(¢(w), w) and #™(h) is the n' derivative of #(h) given in Eq. (5.31).

The constant v,y is given by

i (2t
M LT [ 1-1(R g1+ ) (A.80)
o 1—5(11)) 79 1 1 h(1—h? )% ’ .
1-1 (hQ, L1+ z) + 20y 50

where the function I(g, a,b) is given in Eq. (5.24).

We can now calculate the LDF ®(¢(w)(1+¢€),w) for small |¢| < 1 by substituting the
expressions of the energies from Eqs. (A.72), (A.74) and (A.76) in the expression of the
LDF ®(c,w) given in Eq. (5.27). This yields:

Ae+BE+Cy M +o0(2th), fore>0
(e(w)(1 +¢),w) = ®(e(w),w) =9 i :
Ae+Be+C e+ 0(e), fore <0

(A.81)
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where the constants are given by

A= G (o)) ™ A+ (1= o)) A ) (A.82)
B = Gue ((c(w)) ™ By + (1 - () ™" Boue ), (A.83)
Cy = Gue(8(w)) " Chy, €. = Gl ((a(w))l”akcin, +(1- a(w))l”akcout) .

(A.84)

The values of Ay, Bin, Ciy, Agut, Bows and Cy are provided in Eqs. (A.73), (A.77),
(A.78) and (A.79). From Eq. (A.81), we find that the third derivative of the LDF ®(c, w)
w.r.t. ¢ shows a discontinuity at ¢ = ¢(w), which is a signature of a third order phase

transition.

A.5.2 P(c,w) for w ~ w(c) for a fixed ¢

By following the same procedure as in the previous subsection A.5.1, we can expand the

LDFs ®(c, (1 + €)w(c)) in powers of ¢, for small |¢] < 1 at a fixed ¢. We find:

De+Ee+F, ¢ +0(eh), for ¢ > 0
CD<C>U_J<C)<1 + 6)) - CI)(C, U_J(C)) = 5 5 » ’
De+E e +F_ e +o|e[>tr), fore<0

(A.85)
where the constants are given by
~ _ 1420, 7 (1) 7 =~ _ 1+2ay Fgujl2 2) g
D= Guc(l - c(w)) h Toud(h), E = Guc(l — c(w)) T% (h),
(A.86)
. 0 100 B c(w)) PR (1 4 20,) (2)2HF
F_,_ _ Guc(l . é(w))1+2 k* out %(3)(h), F_ = Guc (C(’LU)) ( Oik)l( ) :
6 (k+1)(2k+1) B(3,7 +1)
(A.87)
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where in this case h = w(c)/l(c,w(c)) and the function # ™ (h) is the n'™ derivative of

#(h) given in Eq. (5.31). The constant I'yy is given by

_I(EQ’%’Hl) ] (A.88)

1—Wout:[ . .
I(h21L1 >+2 Lo ter
G RZEESD

==

Here the function (g, a, b) is given in Eq. (5.24). From Eq. (A.85), we find that the third
derivative of the LDF ®(c,w) w.r.t. w shows a discontinuity at w = w(c) which is a

signature of a third order phase transition.

A.6 Pressure and Bulk modulus

For the short-range Riesz gas, we find that the index problem provides a natural setup
to compute the pressure in the bulk of the gas. Consider the unconstrained Riesz gas
in thermal equilibrium characterized by the density profile py(y) from Eq. (2.18). The
thermodynamic pressure of this gas at a location W can be thought of as the free energy
change of the particles to the left of W when they are pushed by moving a wall from W
by an infinitesimal amount ey. Using the separable (additive) nature of free energy in

Eq. (5.45), one can easily identify the free energy of the left partition which is given by

WO (* (w), w) = N2 G2uc ((20*(w)) Sfffg <%> ), (A.89)

where w = W/Ne [ is given in the Eq. (5.48) and ¢*(w) = [ 1o W po(y), represents the
fraction of particles below W when the gas is at equ1hbr1um (without any constraint).
Also, the function J(h) in Eq. (A.89) is given in Eq. (5.46). When the particles on the
left are pushed by moving a wall from W to W — ey the free energy on the left changes to
W) (c*(w), w — €) where € = e /N%. Note the fraction of particle on the left of W — ey
remains the same. The pressure is then obtained by taking a derivative of the free energy

of the left partition and can be written as

P(W,N) = N”%diqf(“(c*(w), w — e)
€ e=0

2(k+1) W
e N k+2 P <N0’k) y (AQO)

179



where the scaling function P(w) is given by

P(w) = J¢(k)k (po(w))"" . (A.91)

One can also define a mechanical pressure Py (W, N) locally at W as the average force

exerted by the particles above W on the particles below W and can be expressed as

Par <Z Z |z; — x; |k+1> (A.92)

=1 j=s+1

where x;, < W < x4, and x;’s are the unscaled positions of the particles. We remark
that the definition of the local mechanical pressure does not involve the external poten-

tial explicitly, but only implicitly through the average over the equilibrium measure in

Eq. (A.92).

We observe that in our model the mechanical pressure Py (W, N) [see Eq. (A.92)] and
the thermodynamic pressure P(W, N) [see Eq. (A.90)] yield the same result as shown in
Fig. A.6a. Since the gas is confined to a harmonic trap the pressure is not uniform as
expected. It is maximum at the center of the trap and decreases as we go further from
the center of the trap and becomes zero at the edge of the support of the scaled density

profile at y = [y because the value of the density decreases to zero.

Bulk modulus: As usually done in statistical mechanics, to define the bulk modulus we
here consider the change of the mean position (z,,) of a particle inside the bulk (say

the m'™®) due to an external force F applied only on that particle. The bulk modulus is

defined as

K B OF Ir=o - @aQ InZ(B, F)|r=o, (A.93)

where Z(3, F) is the partition function of the system in the presence of an external force
F on the m™ particle i.e. with the energy function Ep({z;}) = Ey({x;}) + Fz,, that
appears in the Gibbs-Boltzmann distribution. A straightforward calculation shows the

following fluctuation-response relation

= (@) = (o) = N2 = (o)), (A.94)
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where we have used the scaled position y,,, = x,,/N.

To obtain the bulk modulus at position W, denoted by K(W, N), we need to compute

the variance of the position y,, of the m™ particle such that m = ¢*(w)N with w = W/N*

and ¢*(w) = [% dy po(y). In other words

K(VV, N) = szc*(w)N with w =

New

To proceed, we first note that
Prob.[y, <w] =2 (9 =m,N),
where from Section 5.4 we have
P (I =m,N)=<exp (—ﬁNHQa’“\IJ (%,w)) )

From this probability distribution, it is straightforward to see that

2

(W) — (ym)* = <5N”2‘”’“%\P(C*(w), w — €)

Inserting Eq. (A.98) in Eq. (A.94), we get

w
K(W,N) = NK <Nak) , where,

k I5 (po(w))”

—1
eO) )

K{w) = (k+2)

(c*(w) — k%wpo(W)) (1 - (C*<w) - k—_’ﬁzwpo(w)»

(A.95)

(A.96)

(A.97)

(A.98)

(A.99)

(A.100)

In Fig. A.6b, K(w) given in Eq. (A.100) is plotted and compared with K,, , obtained from

MC simulations. We observe a good agreement as stated in Eq. (A.95) which improves as

N is increased. In this figure, we observe that the bulk modulus monotonically decreases

starting from a finite value at the center of the trap and approaches zero at the edge of

support of the scaled density profile py(y) at ly. Near the edge of the scaled density profile,

lo, the bulk modulus K(w — ly) ~ (lp — w)* and its derivative exhibits a discontinuity.
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This reflects a third-order phase transition, interpreting the bulk modulus as an order

parameter.
(a) 'i"‘;akc\
0.31 Ty
0.2
[a M
0.11
0.01

Figure A.6: In (a) we plot the scaling function of the thermodynamic pressure
[Eq. (A.91)], P(w), as depicted by the dashed line and the scaled average mechanical

2(k+1)

pressure [Eq. (A.92)], Py(wN® N)/N *#+2 | as indicated by symbols. The average in
Eq. (A.92) is computed using the MC simulations. In plot (b), the scaling function of
the bulk modulus [Eq. (A.100)], K(w), as depicted by the dashed line is compared with
K,n/N [Eq. (A.94)] where m = ¢*(w)N and is shown by symbols. In Eq. (A.94), the
variance of the position of the m'™® particle is computed using the MC simulations. We
use k = 1.5, T'=1, and J = 1 for performing the MC simulations of the unconstrained
gas consisting of N = 128,256 and 512 particles and the averages are computed using
10% samples.

A.7 Variance of linear statistics

In this section, we study the variance of linear statistics Sy = S0, () [Eq. (5.50)] for
arbitrary function r(y). Note that r(y) = O(w — y)O(w + y) and r(y) = O(w — y) cor-
respond the number problem and index problem, respectively. To compute the variance
we adapt the method of the field theory described in Ref. [220]. We are computing the
typical fluctuations of Sy around its mean (Sy) = (s)/N where (s) is given in Eq. (5.52).
We express Sy as Sy = N((s)+r) where Nk is the fluctuation. To compute the variance,
we consider the small deviations, Ap, < 1, of the density profile from the unconstrained

density profile as

pr(y) = po(y) + Apr(y). (A.101)
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Note that the deviation in density profile satisfies the constraints in Eq. (5.56), which

becomes

/0 dy Ap,(y) =0, /0 dy r(y)Apr(y) = &, (A.102)

—lo —lo

where the limits of the integrals have been approximated to leading order. Using the
Eq. (A.101) in the saddle point equation Eq. (5.53) and assuming the contribution due
to the higher order terms O((Ap})?) are negligible, gives

\ Apg, + 1(y)Apy
8o W) = TG+ D)

T

(po(y)' ™", (A.103)

where ‘*’ represents the saddle point value. Here Apj = pj — po and Ayl = p. Inserting
the expression of the perturbed density from Eq. (A.103) in the constraints in Eq. (A.102)

we get

Aprdo + Apydy = 0, A + Apgds = kK, (A.104)

with the constants Jy, Iy, Iy given explicitly in Eq. (5.60) and (5.61) which we recall to be

Ay, [l 1 Ay [T 1

o = 2% dy (lg — yz)’l“ ! . I = 9k dy r(y) (lg — yz)’lf ! , (A.105)
k —lo k —lo
A, [l 1_
J, = 2?’“ dy r(y)? (12 —2)* " (A.106)
—lo
Solving for Ay and Ap in Eq. (A.104) one finds
Hjl HJO

. s _ Mo A.107

Inserting the expression for the perturbed density pi(y) = po(y) + Ap,(y) with Ap,(y)
from Eq. (A.103) and the perturbed chemical potentials from Eq. (A.107), in the expres-
sion of the LDF given in Eq. (5.58), we find that A(s = (s) 4+ k) (upto quadratic order in
K) is given by

/€2 2 jgjo — J%

A(s=(s)+ k) = 52 where o7 = 2

(A.108)
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Here the constants Jy, J; and J, are given in Eqs. (A.105) and (A.106). By substituting
this LDF [Eq. (A.108)] in large deviation form given in Eq. (5.57), we find that the typical
fluctuations of Sy are Gaussian distributed [see Eq. (5.62)] with the variance given by

[Eq. (5.63)]

N172ak0.72,

Var, =
B

(A.109)

Here 02 is given in Eq. (A.108) and it depends on the function r(y). By choosing the
function r(y) = O(y+w)O(w —1y) in Eq. (A.109), we recover the variance for the number
problem as given in Eq. (5.8). Similarly, for the index case, when we choose the function
r(y) = O(w — y), the variance is given by

N W
Var(9) = o U ( N%lo) , (A.110)

where [y is given in Eq. (2.20) and the exponent v, = 1 — 20y, = (2 — k)/(2 + k). Here
the function U(h) is given by

U(h) = : (A.111)

where the function I(h,a,b) is defined in Eq. (5.24).

A.8 Derivation of the free energy

To obtain the free energy F[p, 5] in Eq. (6.18), one first needs to compute fiy(p(z), )
defined in Eq. (6.17), where we recall that fi(p(z), ) is the contribution to the free
energy of the subsystem (recall Fig. 6.1) due to interactions (i.e., excluding the external
confining potential). In the following, we present the calculation of fi(p(x),3) for the
hard rods (HR) model in Appendix A.8.1 and the hyperbolic Calogero (HC) model in
Appendix A.8.2 separately.
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A.8.1 Free energy for hard rods

The free energy per particle for hard rods of length a, fi(p(z), ), can be calculated
using the partition function [term in the parenthesis (square bracket) of Eq. (6.15)]

Zint(”éh Ts, Aa 6)

zs+A/2—(ns—3)a es+A/2—(ns—i+1)a
:/ d@h---/ dy;...x
£ Y

s—A/2+5 i—1+a
$S+A/27%
/ dYn,
Yns—11a
A—(ns—%)a A—(ns—i—i-%)a A-3
:/ dyl.../ dyz/ dyn., (A.112)
5 Yi—1+a Yns—1+a

where y; is the position of the i rod of the subsystem which is centered at x, and has
a size A. In each subsystem, there are n, hard rods. Note that, since the integrand in
the second line of Eq. (A.112) is constant and translationally invariant, we have shifted
the limits of the integrals from y; — y; — (zs — A/2). This shift results in the integrals
given in the third line of Eq. (A.112). These integrals can be computed using the variable
transformation z; = y; — (i — %)a, which gives

2

B 1 —p(xs)a B
Zint(ns, x5, A, B) = exp [ns log (W) nS] , (A.113)

where we introduce the density in the given subsystem
n
s) = —. A.114
plas) = (A114

The free energy per particle in a given subsystem in the large ng limit is given by [33]

fo (020 3) = =108 [ Zus ey, 8. )
1 1 —ap(zy) 1
s [ 5 A1)

One can see that, from the partition function in Eq. (A.112), the logarithmic term in
Eq. (A.115) is the configurational entropy which includes the effect of hard rod exclusion.

Note that the free energy due to interaction is a function of the density field and we
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rewrite the arguments of

fint(x&ﬁ) = fint<p(x8)76)' (A'116)

The total (i.e. including the contribution due to the external potential) free energy of

the entire system Fg[p(zs), ] is obtained by summing over the total free energy

nsf(xsa 6) = nsfint<p<xs)7 5) + nsUJ(xs)a (A117)

associated with each subsystem. We therefore get

=2 rlw) A [fmt(p(ars),ﬁ) + Ua(xs)] (A.118)

Converting the summation to integration i.e., Zivzbl A — ffooo dxr we obtain

o0

Falp(o). 8] = [ do p(@)[fu(plz). 6) + Uila)] (A119)

Using Eq. (A.115) in Eq. (A.119), we obtain

[e.9]

:ﬁwnmz/ dz p(z)

—00

1 1 —ap(x)

Us(z) — = log (—) : (A.120)
B p(x)

which is the free energy of the hard rods in an external trap Us(z) given in Eq. (6.21)

of the main text. In Eq. (A.120) we have ignored the density-independent term from
Eq. (A.115).

A.8.2 Free energy for hyperbolic Calogero model

The field theoretic description of the hyperbolic Calogero model in external traps is well
understood [219]. In this section, we present an alternative derivation of the total free
energy Fo[p(x), 5] of the system. Using the approximate scheme described in Refs. [45,
224] we compute the free energy per particle fi,i(p(z),3) of the subsystem due to the

interaction which is described below.
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The free energy per particle for the HC model, fi.i(p(z),3), can be calculated using

the partition function which we recall to be

Z,B(nsa Ts, A) = exp( - 5”5U6(xs)) X

[/f dx,,. ﬁ exp( g V (2, — ;)] )] . (A.121)

sT% ij=1
J#i

For the HC model Eq. (A.121) becomes
Zﬁ(nsy Tg, A) ~ eXp( - ﬁnsU5($s>)Zint(nS7 L, A> ﬁ)a

where

A
i (e, 70, A, ) — / dx,, x
0

exp | —— i: Z , (A.122)

sinh? ( ‘iL‘Z — )

where x; is the position of the i*" particle and J is the interaction strength. As mentioned
in the main text [Sec. 6.3], the z; is a running integration variable not to be confused
with the position of the center of the subsystem z,. One can approximate the exponential

term in the integrand of Eq. (A.122) as

o | -Z3Y

sinh? ( |xZ — z4])

=1 j=1
JF#i

BJ n? Cn & 1
~exp | ———= ,

2 N;;(n—w

J#i
ng

R exp <—BJEC(2)A) , (A.123)

where in the second line of Eq. (A.123) we approximated x; ~ iA/n; for all i since A is
assumed to be small enough to ensure uniform density over the subsystem. We have also

used ((2) = >°°, 1/i%, where ((k) = Y57, 1/i* represents the Riemann zeta function.
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Using Eq. (A.123) the partition function in Eq. (A.122) takes the form

n3 A
Tt 5) e (55 ) [,
0

n? A

S-

which can be rewritten using Stirling’s approximation log[n!] ~ n log[n] — n as
Zint(”sa Ts, A7 5)
= exp( — ny [log [p(zs)] + C(2)5J,0($8)2}> , (A.125)

where we recall that p(xs) = ns/A. Hence, using the first line in Eq. (A.115), the free

energy per particle of the subsystem becomes

fur (pl222), B) = JC@)plas)? + %mg o). (A.126)

Similar to the procedure detailed in Appendix A.8.1, using the above expression Eq. (A.126)

we can compute the total free energy of the system as

Felp(x), 5] = /_OO dx p(x) (Ua(x) +J¢(2)p(@)?

o0

+ %log p(x)) | (A.127)

which is the expression for the free energy [see Eq. (6.38) of the main text] of the HC

model in an external trap Us(z).

A.9 Analytical forms of density profiles for hard rods
and hyperbolic Calogero model at low and high

rescaled temperatures c

To obtain the exact analytical expression for the equilibrium density profiles by solving

the transcendental equations, Eq. (6.30) for the HR model and Eq. (6.45) for the HC
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model, is a highly non-trivial. However, we can obtain approximate expressions for the
densities at low (¢ < 1) and high (¢ > 1) rescaled temperatures c¢. For ¢ < 1, this is
done by approximating the equilibrium density profile to be a small deviation around
the zero temperature density profile. On the other hand, for ¢ > 1, the particles are
expected to spread far apart, thereby diluting the gas. Thus in this regime (¢ > 1), it
is reasonable to assume the density to be very small. In this section, using the above-
mentioned assumptions for the saddle point equations i.e., Eq. (6.30) for the HR model
and Eq. (6.45) for the HC model, we discuss the analytical forms of the density profiles.

A.9.1 Analytical forms of the density profiles for hard rods

In this subsection, we discuss the case of hard rods, recall that the saddle point equation

for the hard rods is

_y_‘s_c 5 1—apr(y,c)\ 1
MR(C) N 4 [1 8 ( pR(y> C) ) 1—a pR(ya C)] ' (A128)

We now analyze Eq. (A.128) for both small and large rescaled temperatures c¢. In the
following, we use the value of chemical potential pg(c) which is obtained by numerical

solving Eq. (A.128) with the constraint that the density is normalized to unity.

Small rescaled temperature ¢ < 1

At zero temperature i.e., ¢ = 0, all the hard rods arrange themselves leaving no gaps.
In other words, the center-to-center distance between the rods is a, thereby making the
density py(x,0) = N/a where we recall that N is the number of hard rods. In the rescaled

density variables this corresponds to a scaled density profile

Q |=

for y < |%
or(y,0) = 3 (A.129)
for y > |%‘ .

o

We now study the effects of turning on a small temperature. More precisely we address

how the zero temperature profile given in Eq. (A.129) gets smeared. Note that at

Y=y = (10)7 . (A.130)



the square bracket in Eq. (A.128) changes sign. This in turn determines the following

three distinct regions
(i) Bulk region (|y| < y.): The density profile deviates from the value 1/a.

(ii) Edge region (a zone where |y — y.| < O(c)): The density profile deviates from a
value pgr(y., ¢) = p}; which is the density at y = y.. At this value of p}, the square
bracket in Eq. (A.128) becomes zero.

(iii) Tail region (|y| > w.): The density profile for finite temperature in this region

deviates from its zero temperature value pg(y,0) = 0.
We now compute the density profile at low temperatures of these three regions separately.

(i) Bulk region |y| < y.: In this region, we assume that the density takes the form

1
pr(y,c) = P + p(y, o), (A.131)

where p;(y, ¢) denotes the deviation about the zero temperature density. For the sake of
brevity, we henceforth omit the arguments of p;(y, ¢). Using Eq. (A.131) in Eq. (A.128)

we get

5 2
Yy —a“p1 1
= =—c|1 + ) A.132
s o Clog(1+ap1) ap1] (A.132)

It turns out that a convenient perturbation parameter is the following

cd
W= ) S
where we have used Eq. (A.130). Using Eq. (A.133) in Eq. (A.132) we obtain
B ( o >+ ! (A.134)
y) \l+ap/) an
To solve Eq. (A.134) we first perform a Taylor expansion
—L—lo (—a’p1) —a —a—22—1—L (A.135)
V(y) = log P1 P1 9 P1 a /31’ .
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which can be again rearranged to give

|
1+ v(y) (log [-a?p] —a pr — 5p})

ap = —v(y) (A.136)

We perform a Taylor series expansion [up to second order in v(y)] of the fraction on the

right-hand side of Eq. (A.136), since v(y) < 1. This gives

P17 —@ [1 —v(y) (log [—a’p1] —a p1 — %2,)3)

+ v(y)? (log [—a’p] —a p1 — %pf) ] : (A.137)

Since the correction to the zero temperature density p; < 1 and v(y) < 1, we can invert

Eq. (A.137) to express p; as a function of v(y) order by order. This gives

RO @ | (A.138)
PV = —@ N [ay(y)], (A.139)
o _@ N 1/(2)2 log [W(y)] _vy)? log [W(y)r’ (A.140)

where recall that v(y) is defined in Eq. (A.133). The superscript associated with p;
in Eqs. (A.138)-(A.140) represents their respective orders. In Figs. 6.3a and 6.3d using
Eqgs. (A.138)-(A.140), we find a good agreement between the analytically obtained series

solutions and the numerical solution of Eq. (A.128).

(i) Edge region |y —yc| < O(c): Recall that this region is a zone defined by |y —yc| <
O(c). Here v(y) 2 O(1), and therefore, the above expressions Eqgs. (A.138)- (A.140) fail.

Hence, in this zone [|y. — y| < O(c)], we assume that the density takes the form

Pr(Y,¢) = PR+ o(y), (A.141)

where p3, is the value of the density at y = y. and the correction ¢(y) < 1. The value of
pr, can be obtained by numerically solving Eq. (A.128) at y = y. which gives

1— ap; 1
log ( f‘pR) = _ 0. (A.142)
PR 1 —app
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In this region, we define the perturbation parameter

5 _ 0
by) =1—exp {—ye c_(sy } < L (A.143)
Using Eq. (A.143) in Eq. (A.128) we get
1 — app — ag(y) 1
log|1 —0 =1 — A.144
o8l = by)] = log [ pr+ oY) ] 1 —apj, — ad(y)’ ( )

which upon Taylor series expansion, up to third order in ¢(y), yields

by) ~ 6(y) (;)) - 000 (5 )

P (L —apf, 2057 (1 — apfy)?

—1 + dapy — 6(ap})?
el ( 3035 (1 — app)* ) ' (A.145)

We can represent the correction to density ¢(y) as a function of b(y) by inverting Eq. (A.145)

order by order which gives

¢ (y) = b(y)pr(l — apy)?, (A.146)
b 2
60w = b1 — ap)? + "1 api)(~ 1+ 3ap7) (A.147)
b 2
62(0) = b1~ api)? + "1~ api)?(~ 1+ 3api)
+b(y>3*(1— V(1 = 10ap% + 15(ap’)? A.148
(1 = api)" (1 = 10ap; + 15(api)’ ). (A.148)

In Figs. 6.3b and 6.3e, using Eqs. (A.146)-(A.148), we compare the analytically obtained

series solutions with the numerical solution of Eq. (A.128) and see reasonable agreement.

(iii) Tail region |y| > y.: In this region we assume that the density is very small and

takes the form pr(y,c) = p; with p; < 1. Using this assumption in Eq. (A.128) we get

5
Y l—ap 1
c=>=—cl|lo — . A.149
e ™5 [ g( p1 ) 1—a01] ( )

We introduce the perturbation parameter

e(y) = exp <y3 ;Sy6> . (A.150)



Since in this region |y| > y. and ¢ < 1, it implies €(y) < 1. Using Eq. (A.150) in
Eq. (A.128) we get

B 1—ap; 1
log [e(y)] = —log ( o ) + "o (A.151)

After some algebra and assuming p; < 1 in Eq. (A.151), we obtain the transcendental

equation

2
p1 R~ @ exp (— 2ap, — @), (A.152)

where e /&~ 2.71828 is the Euler’'s number. We can now represent the density in terms of

€(y)/e as a series given by

SO _ @ 7 (A.153)
S @ Y (L6>>2 (A.154)
0 % 9 (L?)Q n %QQ (@)3 (A.155)

In Figs. 6.3c and 6.3f, using Egs. (A.153)-(A.155), we show a good agreement between the
analytically obtained series solutions with the numerical solution of Eq. (A.128). Recall
that the chemical potential pg(c) in the perturbation parameter €(y) given in Eq. (A.150)
is obtained from the numerical solution of Eq. (A.128) along with the constraint of unit

normalized density.

Large rescaled temperatures: ¢ > 1

When the temperature is high the particles explore a larger region in space thereby
diluting the system as a consequence of which we get pr(y,c) < 1. We introduce a

convenient perturbation parameter

n(y) = exp <%;y5> , (A.156)

where 7(y) < 1, since the chemical potential [see Fig. 6.4 in the main text], obtained by
numerically solving Eq. (A.128), is negative and diverges for ¢ > 1.
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We use the approximation pr(y,c) < 1 in Eq. (A.128), and use a procedure math-

ematically similar to the low-temperature tail region (Appendix. A.9.1), to obtain the

expressions
o0 .c) = ", (A157)
oDy, c) = @ o (@)2 (A.158)
pg)(y, c) = @ —2a (@)2 + %aQ (@)3. (A.159)

Note that the superscript in Eqs. (A.157)-(A.159) represents the order in n(y). In Fig. 6.5,
we see a decent agreement of the analytically obtained series solutions with the numerical

solution of Eq. (A.128).

A.9.2 Asymptotic densities for hyperbolic Calogero model

In the following subsections, we compute the asymptotic densities for the hyperbolic
Calogero model at low and high rescaled temperature ¢ using a similar approach as
described above for the HR model in Appendix A.9.1. Here we recall that the saddle
point equation for the HC model is

yé

pele) = =5 +3C(2)pc(y. ¢)? + clog pc(y, ¢). (A.160)

As before we analyze Eq. (A.160) for small and large c. In the following, we use the value
of chemical potential pc(c) which is obtained by numerically solving Eq. (A.160) with

the constraint that the density is normalized to unity.

Small rescaled temperatures ¢ < 1

For ¢ <« 1 the densities pc(y,c) are assumed to be a small deviation from the zero
temperature which is obtained by solving Eq. (A.160) for ¢ = 0. The density profile is
then given by

As (I° = y‘;)% for |y| <1
pc(y,0) = (A.161)
0 for |yl >,
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where

N

As = (36¢(2))” (A.162)
and the edge of the support of the density is given by
5 %
l= . A.163
<2A5Beta T g)) (4.163)
Here
1
Beta(z,y) = / dr r* 11 —r)V7 (A.164)
0

is the Beta function. The zero temperature chemical potential is given by [Eq. (6.51) of

main text]

pe(0) = (g)éh (51/6F G+ %)> " : (A.165)

Similar to the HR model [Appendix A.9.1], at low temperatures the value of chemical
potential uc(c) [in Eq. (A.160)], determines the (i) bulk |y| < ., (ii) edge |y — y.| < O(c)

and the (iii) tail regions |y| > y., where

ye = (ne(c)d)s . (A.166)

We compute the density profile at low temperatures separately for the three regions.

(i) Bulk region |y| < y.: In this region we assume that the density takes the form

pc(y,c) = pol(y,0) + pi(y, ), (A.167)

where p;(y,c) is the correction to the zero temperature density. We use the following

notations in the rest of the calculations

pi(y,c)=p1,  pe(y,0) = po

pe(e) = pe,  pe(0) = puo- (A.168)
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Using Eq. (A.168) in Eq. (A.160) gives

Y P1
fe = == +clog pg + clog |1 + —
) Po

+3¢(2) (po + p1)° (A.169)

Since the temperature is low (¢ < 1), the correction to the zero temperature density

p1 <K po. Furthermore, we introduce the perturbation parameter in the bulk region

( ): M0+C10gp0_ﬂc

e < 1. (A.170)

For ¢ < 1, it turns out that p. and pg are very close, which implies v(y) < 1 and therefore
a suitable perturbative parameter. Using Eq. (A.170) in Eq. (A.169) and expanding
Logarithmic term up to (p1/po)® gives

2 3
P1 L (m 1 (;01> c
D - (=) - (2) -—— A.171
00 ) 2 (Po) 3\po/) c+6((2)p3 ( )

We can solve Eq. (A.171) iteratively which gives

(0)

% = —u(y), (A.172)
P v(y)®

o= —u(y) — R (A.173)
Pt v(y)? (1 1 c

e —v(y) = —5— —v(y) (5 - gm) ) (A174)

where the superscript represents their respective orders. In Fig. 6.8a and 6.8d using the
Eqgs. (A.172)-(A.174) we find a good agreement between the analytically obtained series

solution and the numerical solution of Eq. (A.160).

(i1) Edge region |y —y.| < O(c): Recall that this region is a zone defined by |y —y.| <
O(c). Here v(y) defined in Eq. (A.170) is no longer a small parameter and therefore
ill-suited to be a perturbation parameter. Hence as in the case of the HR model, we

assume the density to take the form

po(y,c) = pe + o(y), (A.175)
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where pf, is the value of the density at y = y. and the deviation ¢(y) < pg. The value
of p& can be obtained by numerically solving Eq. (A.160) at y = y. where y. is given in
Eq. (A.166). This gives

3¢(2)pi? + clog pi = 0. (A.176)

We now introduce a perturbative parameter

Yo —y°
8 (c+6¢(2)pe?)

bly) = <1, (A.177)

since in this region |y — y.| < O(c) and ¢ <« 1. Substituting Eq. (A.175) and using

~Y

Eq. (A.177) in Eq. (A.160) and expanding, we get

¢<y>:b<y)_1(w)2_1(¢<y>)3 c (A178)

P 2\ pt 3N\ oo ) c+6¢(2)p*

Using a similar iterative approach as before we can represent the correction to the zero

temperature density ¢(y) as

(0)

¢ péy) — b(y), (A.179)
(1) 2

o) - 1 (A150)

oD (y) b(y)? s(1 1«

In Figs. 6.8b. and 6.8e, using Eqs. (A.179)-(A.181), we find a good agreement between

the analytically obtained series solution and the numerical solution of Eq. (A.160).

(#i) Tail region |y| > y.: Unlike the bulk and the edge regions, in the tail region, we
assume that the density is small and takes the form po(y,c¢) = p; where p; < 1. Using
this assumption in Eq. (A.160) we obtain

5
fe = % + clog p1 + 3¢(2)p}. (A.182)
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We now introduce a suitable perturbation parameter

e(y) = exp <yg ;f) . (A.183)

In the tail region, since |y| > y. and ¢ < 1, the perturbation parameter €(y) < 1. Using
Eq. (A.183) in Eq. (A.182) and rearranging the terms gives

p1 = €(y) exp ( - &i)p%> (A.184)

We can now represent the density in terms of €(y) by using the iterative scheme, similar

to bulk and edge regions, on Eq. (A.184). This then gives

20— (), (A.185)
i = e(y) [1 — &6(2)6(11)2] : (A.186)
Pt = e(y) [1 - ?)C(Ez)E(y)2 + g (3<£2>> 6(@/)4] : (A.187)

In Fig. 6.8c and 6.8f, using Eqgs. (A.185)-(A.187), we show the analytically obtained

asymptotic densities of the matches well with the numerical solution of Eq. (A.160).

Large rescaled temperature: ¢ > 1

Similar to the HR model (Appendix A.9.1), when the temperature is high the particles
are spread out over a larger region of space hence diluting the system as a consequence
of which we get po(y,c) < 1. We again introduce a convenient perturbation parameter

n(y) = exp <%€y5) : (A.188)

Since the chemical potential (see Fig. 6.7 in the main text), obtained by numerically
solving Eq. (A.160), is negative and diverges for ¢ > 1, the perturbation parameter
becomes small i.e., n(y) < 1. Using Eq. (A.188) along with the low-density approximation

in Eq. (A.160) and following a procedure mathematically similar to low-temperature tail
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region (Appendix A.9.2) we obtain the expressions

e (Y. ) =n(y), (A.189)
P (y. ) = n(y) ll - %(2)77(?;)2] , (A.190)
P (y.c) =n(y) [1 - %mn(yf + g <3<£2)) n(y)4] : (A.191)

In Fig. 6.9, using Eqgs. (A.189)-(A.191), we see a good agreement of the analytically

obtained series solutions with the numerical solution of Eq. (A.160).
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