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Abstract: Dynamical symmetries of the collisionless Boltzmann transport equation, or
Vlasov equation, but under the influence of an external driving force, are derived from
non-standard representations of the 2D conformal algebra. In the case without external
forces, the symmetry of the conformally-invariant transport equation is first generalized
by considering the particle momentum as an independent variable. This new conformal
representation can be further extended to include an external force. The construction and
possible physical applications are outlined.
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1. Introduction

The Boltzmann transport equation (BTE) [1-4] furnishes a semi-classical description of the effects of
particle transport, including the influence of external forces on the effective single-particle distribution
function f = f(¢,7,p) of a small cell in phase phase, centered at position  and momentum p. For a
system with identical particles of mass m, the Boltzmann equation reads:
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Here, dN = f(t,r,p, )dr dp is the number of particles in a cell of phase volume dr dp, centered at
position  and momentum p [3]. In addition, F' = F'(t,r) is the force field acting on the particles
in the fluid. The term on the right-hand side is added to describe the effect of collisions between
particles. It is a statistical term and requires knowledge of the statistics that the particles obey, like
the Maxwell-Boltzmann, Fermi—Dirac or Bose—Einstein distributions. In his famous “Stofzahlansatz”
(or hypothesis of molecular chaos), Boltzmann obtained an explicit form for it. In modern notation, for
example for an interacting Fermi gas, where a particle from a state with momentum p is scattered to a
state with momentum p’, whereas a second particle is scattered from a momentum g to a momentum ¢q’,
the collision term reads:

(5) = - [awiaad wiipa) > (w0
< (@) @)1~ FB))(1~ £(@) ~ 1) 7)1~ FB) - (@)

where w({pq} — {p'q’}) is the normalized transition probability from the two-particle state with
momenta {p, g} to the state labeled by {p’, q¢'}. Clearly, solving this widely-studied equation is a very
difficult task. It might be hoped that symmetries could be helpful. The equation without the collision term
is known as the Vlasov equation [5]. The relationship with Landau damping and a physicists’ derivation
can be found in [6,7]. In this work, we shall explore a class of symmetries of the (collisionless) BTE.

Throughout, we shall restrict to the d = 1 space dimension. (By analogy with other constructions
of local scale symmetries (see [8—11] and especially [12] and references therein), we expect a
straightforward extension of the results reported here to d > 1. Since we shall construct here a
finite-dimensional Lie algebra of dynamical conformal symmetries of the 1D collisionless BTE, one
should indeed expect that an extension to d > 1 exists. That symmetry algebra should contain
three generators X, o, along with a vector of generators Y, and also spatial rotations.) We start
from a non-standard representation, isomorphic to the infinite-dimensional Lie algebra of conformal
transformations in d = 2 dimensions. (For the sake of clarity, we shall adopt the following convention of
terminology: the infinite-dimensional Lie algebra (X,,,Y},), ., will be called a (centerless) “conformal
Virasoro algebra”. Its maximal finite-dimensional sub-algebra (X, Y7),c( 10,y Will be called a
“conformal algebra”) This Lie algebra is spanned by the generators (X,,, Y, ),cz and can be defined
from the commutators [9,12]:

(X, Xin] = (0 = m) Xy, [Xn, Yin] = (0 =m)Yoim,  [Yo, Y] = p(n = m)Yoym  (2)
where [ is a parameter. An explicit realization in terms of time-space transformation is [9,12]:
X, = —t""o —uwEt +w)" Tt =0, — (n+ Vat" — (n + 1)%[(15 + )" — 1"
Yo = —(t+w)"0 — (n+ 1)yt +ur)" (3)

such that u=! can be interpreted as a velocity (“speed of light/sound”) and where z, v are constants.
(The contraction 1 — 0 of Equation (3) produces the non-semi-simple “altern-Virasoro algebra” altv(1)
(but without central charges). Its maximal finite-dimensional sub-algebra is the conformal Galilean
algebra alt(1) = cGA(1) [9,13]; see also [8,11]. The CGA(d) is non-isomorphic to either the standard
Galilei algebra or else the Schrodinger algebra.) Writing X,, = ¢, + ¢, and Y,, = p~'¢,,, where the
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generators ((,,, 0, )nez satisty [0n, bn] = (0 — M) lnsm, [y U] = (0 — M) lnim, [, €m] = 0, it can
be seen that, provided i # 0, the above Lie algebra Equation (2) is isomorphic to a pair of Virasoro
algebras vect(S!) @vect(S!) with a vanishing central charge. However, this isomorphism does not imply
that physical systems described by two different representations of the conformal Virasoro algebra, or
the conformal algebra, with commutators Equation (2), were trivially related. For example, it is well
known that if one uses the generators of the standard representation of conformal invariance or else the
non-standard representation Equation (4) in order to find co-variant two-point functions, the resulting
scaling forms are different [9].

Now, consider the maximal finite-dimensional sub-algebra (X +1,05 Yi1,0>, which for @ # 0, in turn, is
isomorphic to the direct sum sl(2, R) ®s[(2, R). The explicit realization follows from from Equation (3):

X4 = =0, Xo=—-t0,—r0, —x, X=—t20,—2tro, — wr?o, — 2at — 2yr
Y. = =0, Yy=—t0, —wrod, —~, Yi=—t°0, —2utro, — u*r?0, — 29t — 2yur (4

Here, the generators X _;,Y ; describe time- and space-translations, Yj is a (conformal) Galilei
transformation (since the commutator [Yp, Y] does not vanish and does not give a central element of
the Lie algebra Equation (2), its structure is fundamentally different from algebras containing the usual
Galilei algebra as a sub-algebra), X gives the dynamical scaling ¢ +— At of  — Ar (with A € R), such
that the so-called “dynamical exponent” z = 1, since both time and space are re-scaled in the same way,
and, finally, X, Y, give “special” conformal transformations. In the context of statistical mechanics
of conformally-invariant phase transitions, one characterizes co-variant quasi-primary scaling operators
through the invariant parameters (x, i1, y), where z is the scaling dimension.

Finally, the finite-dimensional representation Equation (4) acts as a dynamical symmetry on the

equation of motion:

A

So(t,r) = (—pdy + 0,)p(t, r) = 0. ®)

in the sense that a solution ¢ of S ¢ = 0 is mapped onto another solution of the same equation. Indeed,
it is easily checked that: [S, Vi, o] =[S, X_;] = 0 and

1S, Xo] = =S, [S,X1] = —2t5S +2(ux — ) (6)

It follows that for fields ¢ with scaling dimensions x4, = x = ~/u, the algebra Equation (4) really
leaves the solution space of Equation (5) invariant.
In order to return to the Boltzmann equation, we consider Equation (5) in the form:

Lf = (ud, +vd,) f(t,r,v) =0 (7)

where f = f(t,r,v) is interpreted as a single-particle distribution function and where we consider v as
an additional variable. Equation (7) is a simple Boltzmann equation, without an external force, without
a collision term and in one space dimension. From Equation (6), with v fixed (and normalized to v = 1),
its solution space is conformally invariant. (With respect to Equation (5), p — —p was replaced. This
change must also be made in the generators Equation (4) and commutators Equation (2)). In Section 2,
we shall generalize the above representation of the conformal algebra to the situation with v as a further

variable. In Section 3, we shall further extend this to the case when an external force F' = F(¢,7,v),
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possibly depending on time, spatial position and velocity, is included. The aim of these calculations is
to determine which situations of potential physical interest with a non-trivial conformal symmetry might
be identified. This explorative study aims at identifying lines for further study, which might lead later to
a more comprehensive understanding of the possible symmetries of Boltzmann equations. Taking into
account the collision term is left for future work. We shall concentrate on the d = 1 space dimension

throughout. Conclusions and final comments are given in Section 4.

2. Collisionless Boltzmann Equation without External Forces

In our construction of conformal dynamical symmetries of the 1D collisionless BTE, we shall
often meet Lie algebras of a certain structure. These will be isomorphic to the two-dimensional
conformal algebra.

Proposition 1. The Lie algebra (X,,,Y,,)nez defined by the commutators:
(X, Xin) = (n—m) Xpim, [ Xo, Yl = (n=—m)Yoim, [Yo, Yl = (n—m) (kXpim + ¢Yoim) ()
where k, q are constants, is isomorphic to the pair of centerless Viraso algebras vect(S*) @ vect(Sh).

Proof. For either £ = 0 or ¢ = 0, this is either evident or else has already been seen in Section 1. In
the other case, consider the change of basis X,, = ¢,, + (, and Y, = ol,, — BL,, where (,, (, are two
families of commuting generators of vect(S') and « and {3 are constants, such that o + 3 # 0. It then
follows £ = «f3 and ¢ = & — 3. O

This implies in particular the isomorphism of the maximal finite-dimensional sub-algebras, or
“conformal algebras” in the terminology chosen here. By definition, this “conformal algebra” obeys
the commutators Equation (8), but with n,m € {—1,0,1}.

Our construction of dynamical symmetries of the Equation (7) follows the lines of the construction of
local scale-invariance in time-dependent critical phenomena [9]. The physically-motivated requirements

are: First of all it, is clear that the equation is invariant under time-translations:
X—l = _ata [LyX—l] =0 (9)

Some kind of dynamical scaling must be present, as well. Its most general form is:

1 — n n
“0dy, —x, |[L.Xo = —L. (10)

Xo = —td, — ~0, —
z z

Whenever the dynamical exponent z # 1, we shall find an explicit dependence on v. In general, we
look for a family of generators X,,, for which we make the ansatz:

Xy = —a,(t,7,0)0 — by (t,7,0)0, — cp(t,7,0)0, — dp(t,r,v). (11)

We shall find X, from the following three conditions (throughout, we use the notations

Oif = f,0.f = f):
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1. X, must be a symmetry for the Equation (7); hence, [[:, X, = AnL. This gives:

Wiy + val, 4+, =0, by + vb, — cp 4+ Ao =0 (12)
we, +vd, =0, pd, +vd, = 0.

2. The generator X, is assumed to be in the Cartan sub-algebra; hence, [X,, Xo] = o, 0X,.
It follows:
1 _
(1+ cto)an — tag — —a!, — ——vdyan = 0 (13)
z z
. 1—
(1/% + 0 o)y — thy — —b, — ——vdb, = 0 (14)
z z
]_ _
(1 —=2)/z4 ano)cn — tég — zc;l — Zv&Jcn =0 (15)
z V4
. 1—
odn — tdy — —d, — ——vdyd, = 0. (16)
z z

3. The action of X _; is as a lowering operator; hence, [X,,, X_1] = &, _1X,,_1. It follows:

an = Ot by =04 _yr/z (17)
Cn = oy 1v(l—2)/z, dn:ocn,_lx/z.

These conditions, combined with the following initial conditions:

ap = t, by= f, co =
z z
a_1 = 1, b,1 = 0, C_1 = 0, d,1 = 0. (18)

must be sufficient for the determination of all admissible forms of X,,.

In the special case n = 1, we have ;o = 1 and find the most general form of X; as a symmetry
of Equation (7) as follows (the requirement that (X,;,) close into the Lie algebra s((2,IR) fixes
1,1 = 2)

Xl = —ax (t> r, U)at - bl (t7 T, U)ar —C (ta r, /U)av - dl (t7 r, U) (19)
and

(ll(t7 r, U) = t2 =+ A12T2U_2 —+ AH()TU% —+ Alog’U 12*22 (20)
2 A - 2 z z+1

bit,rv) = —tr+ (f - “) 20! 4+ BiigruTs + Biggui: (21)
z z
2 Ao, =

ci(t,r,v) = ;(1 — 2)(vt — ur) + (Bi1o — " Jui—= (22)
2 2 —1 _Z

dy(t,r,v) = —axt— —pxrv 4 DovT-= (23)
z z

with a certain set of undetermined constants.

For conformal invariance, a family of generators Y, must also be found. Its construction is
straightforward if the explicit form of Y_; is known. Really, X; must act as a raising operator, in both
hierarchies, such that [9]:

[X1, Y] ~ Yo, [X1, o] ~ Vi (24)
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which implies that [Y_;,[Y_1, X;]] ~ Y_;. However, the usual realization of Y_; = —0, as space
translations does not work, since if we set all undetermined constants in Equation (19) to zero, one
would have [Y_y, [Y_1, X1]] ~ v~ 1Y_}. It is better to work with the form:

Y., = —vd,. (25)

as we shall do from now on.
We first consider the special case, when all of the constants in the expression Equation (19) for

X vanish:

Case A: A1y = A9 = Awgo = Biio = Bigo = Do = 0.

Proposition 2. The six generators:

1 —
X = =0, Xo=-10— zar - Zvav .-
z z z
2 -2 2(1 — 2 2
X, = —t%9,— (—tr + : W“Qv_l) 0, — —( ?) (vt — wr)d, — ~at + “parv!
z z z z z
-1
Yo = —0d,, Yo=—(tv— "), — Z"wd, +put
z z z
2 —2 2
v, = — (t% — Zputr — Z—MQTQU_l) Or — —(z = Dp(vt — pr)0,
z z z

2 2 1

2
+—urt — —wzrv” (26)
z z

span a representation of the conformal algebra Equation (2), which acts as dynamical symmetry algebra

of the Equation (7), for arbitrary dynamical exponent z.

Proof. Itisreadily checked that the generator Equation (26) satisfies the commutation relations (2), with
u — —u. On the other hand, for any f = f(¢,r, v), one has:

[j—’?X*l] = [ZA;?Y*l] = [iqu] = uﬁjvyvl] =0
[j—/,Xo] == _.Z—J7 [f/,Xl] - —th/,

which establishes the asserted dynamical symmetry. 0

Next, we treat the general case, when all of the constants are non-zero:

Case B: A12 7é 0, A110 7& O7A100 7é 0, Buo 7é 0, BlOO 7& 0, Do 7& 0

Then, the generators are modified as follows:

X, = X1+X1

Xl = — <A12T2U_2 + All()’f’v% + A100U%> 8,5

A z -
— (fr%l + Bnorvﬁ + Bloovlti> 8r

Y028, — DyuT =, (27)
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o = %+Y
~ 1 ~
Yo = §[X17 Y]
1 1
= —(A12TU_1 + §A110’U_1+1/(1_Z))at — ﬁ(?Alg’f’ + Allo’Ul/(l_Z))ar. (28)
Now, computing:
_ A
Yo, Yoq] = —pYoy + ApX_y + fy | (29)

we conclude that the cases A1 = 0 and A5 # 0 must be treated separately.

Case B1: A;5 = 0. It follows that the constants in Equation (19) are given by:

2 2
Al Ao Al

110 110/ 1, 100 42 100 FIER

DOZO.

Proposition 3. Let z # 1 and Ay1o be arbitrary constants. Then, the six generators:

_ - 1
X*l = —(9,5, XO = —t@t — i& — Z’Uav — E
z z z
v 2 2:-1)/(1 Aty 220
Xl = —(t -+ AH()T'U( 2=1)/(1=2) + 4—H2’U 2/ 7Z)>at
_ (gtr+ z— Qw"%_l X @rv /(-2 4 2110 Aty /(1= z)) a,
z z 18 4u3
2(1 - 2 2
—M(vt —ur)d, — —wt + “prrv
- z z z
Y—l = —’Uar
_ A A —1
Yo = —SU0u/0-9g, (4 — ETJF 10,,1/(-2)yg, wody + us
21 z
171 — _AHO(t,Uz/(l z) HTU(QZ 1)/(1 z))@t

2 -2 A
- (t% = Sptr — 2yl SOl urv”“”)) O,
z z i
2 2 2
—=(z = Du(vt —ur)o, + Zpat — —plere! (30)

span a representation of the conformal algebra (the above result of Case A is recovered upon setting

Aj19 = 0). These generators give more symmetries of Equation (7).

Proof. From the above, the commutator Equation (2) is readily verified, with @ — —pu. For the
dynamical symmetries, one checks the commutators:

[[A/,X_l] - [f/,yil’o] - O
. . . A
[L,Xo] = —L, [L,Xi]=—-(2t+ ;10 v/ =)L,
which proves the assertion. ]

In contrast to the previous Case A, the representation acting only on (¢, ), but keeping v as a constant
parameter, can no longer be obtained by simply setting z = 1. Rather, one must set A9 = 0 first, and
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only then, the limit 2 — 1 is well-defined.

Case B2 Alg 7é 0, AHQ 7& O, BllO 7£ O, AlOO 7& 0, BIOO 7é O, D() 7’é 0

It turns out that for A5 # 0, the algebra also can be closed, but only if A5 = pand A9 = 0 (then, all

other constants also vanish).

Proposition 4. Let z be an arbitrary constant. Then, the generators (X110, V11,), where:

1—
X_l = —815, XO = —t@t — i& — ZUav — E
z 2
X = X4, XA=Xp
2 -2
X = - (t2 + urzv’Q) 0y — <—tr + MT201> O,
2 z
2(1 — 2 2
—u(vt —wr)d, — —wt + ~prrv!
z 2 z
y—l - _Uar
z—1 x
Vo = —urvto, — (tv - (g — 1)7“) 0, — . wod, + },L;
p 1— ) — (2 — 2)u?
Vo= —p(2ro !t + (1 —pwriv?) o, — (tQU — —(z—witr+ -w = (-2 T2v_1> Oy
z 2
2 2 2
—;(z — (vt — wr)o, + ;uxt - ;uerv_l (31)

close into a Lie algebra, with the following non-zero commutation relations:

[, X = (n — n/)Xn—i-n’a (X, V| = (0 — M) Viim
[yrmym’] - (m - m/) (uXm—l—m’ + (]- - u)ym+m’> ) (32)

with n,n’,;m,m’ € {—1,0,1}. The algebra is isomorphic to the usual conformal algebra Equation (2)

and further extends the dynamical symmetries of Equation (7).

Proof. The commutation relation is directly verified. The isomorphism with the conformal algebra
follows from Proposition 1. The requirement to have a symmetry algebra of Equation (7) implies a
relation between the constants k, ¢ (called «, B in Proposition 1) and u, namely ¢ = (k — u?)/u. In this
case at hand, we have k = p, ¢ = 1 — . It is then verified that [f}, X 4] = [f), Y_1] = 0 and:

(L, X)) = —L
L, = —2(t+ “o L
z

[2,30] = ~(k/w)L =~ L

- k k . 1 .
[L, ] = -2 (—t + —27’11_1) L=-2 (t - —rv‘l) L.
Booozu ZQ
which proves that these are dynamical symmetries of (7). [

We now ask whether the finite-dimensional representation Equations (26), (30) and (31), with

uw # 0, acting on functions f = f(¢,r,v), and having a dynamical exponent z # 1, can be extended
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to representations of an infinite-dimensional conformal Virasoro algebra. The answer turns out to
be negative:

Proposition 5. The representation Equations (26), (30) and (31) of the finite-dimensional conformal
algebra (X,,,Y,),c (+1,0} with commutator Equation (8) cannot be extended to representations of an

infinite-dimensional conformal Virasoro algebra with commutator Equation (8) when z # 1.

Similar no-go results have been found before for variants of representations of the Schrédinger and
conformal Galilean algebras [14]. On the other hand, for p = 0, extensions to a representation of a
conformal Virasoro algebra with z # 1 exist [15].

Proof. Since for the finite-dimensional representations Equations (26), (30) and (31), we have:
(X0, Xl = (n =) X, [Xoy Yol = (n—m)Yoiw, n,n',m=0,%+1

we suppose that this must be valid for all admissible n, m € Z. Now, using the condition Equation (17)
for n = 2, a conformal Virasoro algebra should contain a new generator X,. Starting from the most
general form, Xy = —as(t, r,v)0; — ba(t, r,v)0, — ca(t, r,v)0, — da(t, r,v) we find that the coefficients
are obtained from:

3 -2
ay = t*4am(r,v), by=—t*r+ 3Z—,utr2v_1 + bo1 (r,v)
z z
1-— 3 6
o = 3 Z(vt2/2 — prt) + e (r,v),  dy = ~xt® — —px + doy (r,v),
z z

where a9 (7, v), bay (7, V), c21(7, V), do1 (1, v) are unknown functions of their arguments, but do no longer
depend on the time ¢. We want to satisfy [ X5, Y] = 3Y;. However, when calculating:

[XQ, Yfl] = [—azat — bgar — Cgav - dg, —v&,] =

1-— 3 -2
= 3Y1 —wvay 0, — (3 ZZZtZU — ;(1 — 2)utr + vbly, — e + B%u%?v_l)&,

1-— 6
—(vchy + 38— pltv — 2ur))d, — vdyy — Zpryrv”!
we see that closure is not possible for z # 1. Indeed, although the dependence on r, v of the functions
a91, ba1, c21,ds; can be chosen to satisfy the above closure condition, the ¢-dependence cannot be
absorbed into these functions. Hence, our new representation Equations (26), (30) and (31) of the
conformal algebra Equation (8) are necessarily finite-dimensional. [

3. Symmetry Algebra of Collisionless Boltzmann Equation with an Extra Force Term

We write the collisionless Boltzmann equation in the form:

Bf(t,r,v) = (ud, + v, + F(t,r,v)d,) f(t,r,v) = 0. (33)

We want to determine the admissible forms of an external force F'(t,r,v), such that Equation (33) is
invariant under a representation of the conformal algebra Equation (8). The unknown representation must
include the “force” term and, in particular, for F'(¢,r,v) = 0, it should coincide with the representations

of conformal algebra obtained in the previous section.
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The idea of the construction is similar to the one used in Section 2. First, we impose invariance under

basic symmetries:

e From invariance under time translation X_; = —0,, it follows:
[(X_1,B]=—-F=0—F=F(r,v) (34)
e From invariance under dynamical scaling Xy = —t0; — 20, — %v@v — Z, we obtain that:
(B, Xo] = B, (35)

if F'(r,v) satisfies the equation (70, + (1 — 2)vd, — (1 — 22))F(r,v) = 0, with solution:
F(r,v) =™ p(rv), (36)

where ¢(u) is an arbitrary function of the scaling variable u := r* 1.

It turns out that for the following calculations, it is more convenient to make a change of independent
variables (¢,7,v) — (¢,r,u). In the new variables, the generator of dynamical scaling just reads:

T

Xo = —t0, — -8, — (37)
VA

z
Next, in order to be specific, we make the following ansatz for the analogue of space translations.

(Indeed, we might also require to find Y_; from the conditions to be (i) a symmetry of Boltzmann
equation and (ii) to form a closed Lie algebra with the other basic symmetries X_; 5. Such requirements
lead to a system of differential equations, and the ansatz Equation (38) is a particular solution of
this system, which has the special property that the Boltzmann operator can be linearly expressed
B= —uX_; — Y_; by the generators. We believe this to be a natural auxiliary hypothesis):

Y. = —r"ud, —r 70 (u)d,, ®(u) = (2 — 1)u* + p(u). (38)
In the same coordinate system, the collisionless Boltzmann equation becomes:
l%f(t, ru) = (u@t +r7u0, + r—zq>(u)au) f(t,r,u) =0. (39)

Here, some comments are in order. In the structure of Boltzmann Equation (39), as well as in
the form Equation (38) of the modified space translations, Y_; enters an unknown function ®(t,r, u).
Therefore, the form of X; cannot be found only from its commutator with the other generators X, but
the constraints form the entire conformal algebra must be used, as well as the requirement that X; and
Yy,1 are dynamical symmetries of Equation (39):

(B, X1] = Ax,(t,7,0)B, [B,Yy] = Ay, (t,7,0)B, [B,Yi] = Ay, (t,r,v)B. (40)

In fact, commuting the unknown generators Xy, Yy, Y; with X _; and X, we can fix the ¢- and

r-dependence of the yet undetermined functions that occur in them:

Yo = —r7ag(u)d; — (r'*u + rbo(u))0, — (r *®(u)t 4 co(u))d, — do(u)
X, = —(+1%a12(u)0; — ((2/2)tr + " bis(u))0,

—r?cip(u)0y — (2/2)xt — r°dis(u)
Vi = —(2trfag(u) + r¥A(w)) 8, — (t*r'*u + 2trbo(u) + " B(u)) 0,

— (£r77®(u) + 2tco(u) + r°C(u)) 8, + (2/z)pat — r*D(u), 41)
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with the four functions:
A(u) = 2zboarz + coaly — zaghia — agera,  C(u) = zbgcia + oy — Cye1a — a12®

2 2
B(U) = ;CLQ + Zb0b12 + C()b/12 — UCL/12 — bE)ClQ, D(U) = ZICLO + Zb0d12 + C()d/12. (42)

In particular, looking for a representation of the analog of the extended Galilei algebra
(X_1,X0,Y_1,Yy), we find that the unknown functions ag(u),bo(u),co(u),do(u) must satisfy

the system:

zuag(u) + ®(u)ag(u) —k = 0 (43)

zubp(u) + ©(u)bp(u) — co(u) —qu = 0 (44)
O (u)cy — P(u)cy(u) + (¢ — 2b))® = 0 (45)
®(u)dy(u) = 0 (46)

Because of Equation (46), one must distinguish two cases:
1. ®(u) =0, when dy(u) can be arbitrary
2. ®(u) # 0, when dy(u) = dy = cste. is a constant.

In the second case, taking Equations (44) and ( 45) together, we obtain an equation for by(u). It is:
O2(u)by (u) + zu®(u)by(u) + (22®(u) — 2ud’ (u))bg(u) — 25®(u) = 0, 47)

and has in general two independent solution: bg; (), bpa(u). It follows that, for a given arbitrary value
of ®(u) # 0, we have in general two distinct realizations of the analogue of Galilei transformation; and
consequently, also two realizations of the analogue of the Galilei algebra. By construction, these are Lie
algebras of symmetries of the collisionless Boltzmann Equation (39) (with \y, = —k/p = —(1L + q)):

[%,X,l] = Y717 [X()’X*l} = X*lu
k — 2
[Y(]ay—l] - ,u

Yo+ kX . (48)

Next, we include the generators of special conformal transformation X and Y to the extended Galilei
algebras Equation (48) just constructed. We must also satisfy the other commutators of the conformal
algebra Equation (8). Furthermore, the generators of the representation we are going to construct are
dynamical symmetries of the collisionless Boltzmann equation (we use the commutators [Y;,Yy] =
KXi 4+ QY;and [Y1,Y_1] = ko Xo + qoYo in order to establish a relation between the constants k, ¢ and
K, Q, kg, qo). We find:

Ax, (6, u) = =2t — (r*/u) (2zua1z + P(u)aly(u)) = =2t — 2rfag(u)/p (49)
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for the eigenvalue and:

c1a(u) = (2/2)n = (u/w)(2zar2(u) + P(u)ayy(u)) + (2zubia + (u)byy(u)) (50)
zucz(u) + Dy (u) — c12(u) @' (u) + 2b12 (1) ®(u) — 2¢o(u) =0 (51)
zudia(u) + @(u)diy(u) + (2/2)pr =0 (52)

D2 (u)by(u) + 32u®(u)by(u) + z[22u* + 3P (u) — 2ud’ (u)]bio(u)
— (u/ W) @*(u)a(u) — [3zu” + 20(w)](®/w)a)y(u)

— [2u® + 3®(u) — ud’ (u)](22u/w)arz(u) + (21/2)(zu — ®'(u)) =0 (53)
2zuas(u) + ®(u)ayy(u) — 2a0(u) =0 (54)
2zubya(u) + P(u)bis(u) — c12(u) — 2bg(u) =0 (55)
bolis) = (u/ )ao(u) — u/z (56)
co(u) = (®/w)ao(u) (57)
do(u) = cste. = —ux/z. (58)

) (u) =0 (59)
u)B'(u) = C(u) — 2(k/z + qbo(u)) = 0 (60)

2uC(u ) @(u)C’(u) O’ (u)C'(u) + 2®(u)B(u) — 2gco(u) =0 (61)
zuD(u) + ‘D(U) "(u) = (22/2)(k — nq) = 0. (62)
K=k Q= (63)
(q — 2zbo) A(u ) — oA (u) + zag(u) B(u) + af(u)C(u) + kajz(u) — 2ag = 0 (64)
(q — 2bg) B(u) — coB'(u) + uA(u) + byC(u) + kbiz(u) — 2a9(u)bo(u) = 0 (65)
(q — by + ¢4 (u))C(u) — coC"(u) + P(u)A(u) + kera(u) — 2ag(u)co(u) = 0 (66)
(q — 2bo) D(1) — oD’ (1) + kera(u) + M ~0 67)
22(bi2(w)A(u) — ara(u) B(u)) + cr12(w) A'(v) — a15(u)C(u) + 2a0(u)arz(u) =0 (68)
(2/2)A(u) — c12(u) B’ (u) + boC(u) — 2bo(u)aia(u) =0 (69)
(2b12(u) — o(u)C(u) + c12C" (1) — zer2(u) B(u) + 2¢q(u)aga(u) =0 (70)
(22/2)(naw(u) + A(u)) + zdiz2(u) B(u) + dip(u)C(u)

— zb12D(u) — crp(u)D'(u) =0 (71)

The system of Equations (43)—(45) and (50)—(71) must give a solution for the unknown functions
ao(u), bo(u), co(u), do(u), ajo(u), bia(u), c12(u), di2(u). Of course, it is possible that several of the
above equations are equivalent. Because of this fact, although the above system might look to be
over-determined, we have not yet been able to produce an explicit solution without making an auxiliary
assumption. A classification of all solutions of the above system is left as an open problem. We shall

now describe some examples of solutions of this large system.
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Example 1: Let ®(u) = 0. This case seems to be quite simple, provided it is compatible with our system.

From Equation (43), we obtain:
ko

ap(u) = —u (72)
z
Using this value of ay(u) from Equations (52)—(54) and (56)—(58), we directly obtain:
k
by = cste. = — — E, co(u) =0, dy=cste. = —Ea:, (73)
Uz z
k 1 2ur
ajp(u) = ;u‘{ bio(u) = E(k‘ —wu Tt ep(u) =0, dio(u) = —ZLU_I. (74)
When we substitute the above results in relation Equation (42), we also find:
k- 1 2 4y, 1
2 2
Cu) = 0, D(u)= ”fu—l. (75)
z

One can now verify that the above results for the functions ag(u),bo(u),co(u),do(u) and
ara(u), bia(u), c12(u), dia(u), A(u), B(u), C(u), D(u) satisfy all equations of the above system. Now,
we can finally write the algebra generators:

X, = -8, Xo=—to,—Lo -2
z z
k 2 k— 2 2
X, = — (24222 g - (24 2K u? Py 1) o, ——xt+ Wf’ Pt
2" z 22u
Y., = —r'uo,,
k k—u?
Yo = ——rfuto, — (trlzu + a r) O + %,
z ZU 2z
2k k(k — p?
Y, = — <—tr2u_1 + %rzzu_ﬁ Oy
2z 22u

k—p? k(k — 2 2u?
— (tQT’l_ZU + 2 a tr + ( ;L g 1! z+1u_1> 0, + —uxt — u;rrzu_l. (76)
ZU 22 z z

We return to the original variables via the change (¢,r,u) — (¢,7,v), done through the substitutions
u — r* v and 9, — 0, + (1 — z)r~*vd,. Finally, we have the following representation of a conformal
symmetry algebra of the collisionless Boltzmann Equation (33):

1
X4 = =8, Xo=—t0 -0, — —vd, - =
2
k 2 —u?
X, = —<t2+—2r21)_2 @—(—t + 2“7“21}_1) Oy
z z 22u
k—u? 2 2
— (1=2)(-tv+ adls av——a:t+Lr -
z 22u 22
Y., = —v0, — (1 —2)r %o,
k bk — u? E— u2
Yy = —=rv ', — <tv+ a T) O —(1—2) (tr‘lvz—i-—u v) 81,—1-&,
2 Zp Zp z
2% k(k — 2 > k(b ) oyt
vi = — (Pt BE ) o) g (b (MR T W) T Y
z 22u 2).2
2 k(k — p? 4 2 2u?
(1—2)(?r v* +2 utv—i— ( h) Oy + —pat — s (77)
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Proposition 6. The generator Equation (77) close into the following Lie algebra:

(X, Xow] = (n = 1) X, [Xn, Vo] = (0 = 1m0) Yo im

Yo, Y] = (m —m) (kaer’ + k_—ulfynu-m') ; (78)
forn,n’ . m,m’ € {—1,0,1} and for an arbitrary dynamical exponent z. They give a representation of

the finite-dimensional conformal algebra, which acts as a dynamical symmetry algebra of the Boltzmann

equation in the form:
Bf(t, r,v) = (ud, + v, + (1 — 2)r *?9,) f(t,r,v) = 0. (79)

Proof. The commutation relation Equation (78) is directly checked. @ From the commutators
[B,X_4] = [B,Y_] = 0 and:

[B,Xo] = -B, [B,X]=-2 (t + —m—l) B

Zp
[B,Yy] = —(k/u)B, [B,Yy] =—2 (Et + im—1> B.
T
it is seen that they generate dynamical symmetries. [

Example 2: Let k£ = 0. In this case, ®(u) left arbitrary, which leads to ay = 0 from Equation (43) and:

bp =cste. = —u/z, co=0, dy=—px/z (80)

Then, from Equation (42), we obtain:

A(u) = —2pa(u), B(u)= —pbia(u) — uaiy(u)
Clu) = —pepp(u) —ap(w)®(u), D(u)=—pdps. (81)
However, when substituting in Equations (64)—(67), taking also into account that ¢ = —p, we find

that A(u) = aj2(u) = 0. Then, it is easy to check that the condition Equations (68)—(71) are fulfilled.
This allows us to formulate:

Proposition 7. Let ®(u) = (z — 1)u® + ¢(u). Consider the generators:

1—=z2 T
V0, — —
2 z

X*l == —8,5, X(] - —tat - Zar -
z

2
X1 = —t28t — (;t?" + Tz—Hle(U)) ar

1-2z

2
2012('LL)) &J — ;.Z't — T'Zd12<u>,

2
— (1 — Z) (;t’l} + TZUbu(U) + I

1-2z
Y., = —vd,—(1—2) <r1v2 + : q)(u)) 0y = —v0, — r'"**¢(u)0,,
-z
1-2z
N (- (" _ K Ll
Yo = (tv zr> O —(1=2) (1_Zg0(u)t zv) %+ z’
2 H z+1 2 Z
Y, = — (t v— 2;t7’ — ur 512(U)> Or + ;P«ib’t + pridia(u) (82)

2z 1—-2z

ri= 2
—(1—=2) <t21 — ng(u) — ;va — nurfvbya(u) — P 2012(U)) Oy,
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where c12(u) = 2zubia(u) + ((z — 1)u? + o(u))bio(u) + 21/ 2 and @(u), biz(u), diz(u) satisfy:
(2 = D + @(w)]*y(w) + 3zu[(z — 1)u” + o(u)]by(u)
+2[(z + Du® — 2ug’ (u) + 3p(u))biz(u) + [(2 — 2)u — @' (u)]2n/2 = 0 (83)
zudia(u) + [(z — Du? 4+ o(u)]d)y(u) + 2px/2 = 0. (84)
For any triplet (¢(u), bia(u), di2(w)), which gives a solution of the system Equations (83) and (84),
the generator Equation (82) close into the following Lie algebra:
[Xna Xn’] = (TL - n/)Xn—i—n’a [Xna Ym] = (TL - m)Yn-‘rm
[Yma Ym’] = —H (m - m/)Ym+m’> (85)
for n,n';m,m’ € {—1,0,1} and for an arbitrary constant z. Equation (82) is a representation

of the finite-dimensional conformal algebra and acts as the dynamical symmetry algebra of the

Vlasov—-Boltzmann equation, with a quite general “force” term:
Bf(t,r,v) = (ud, + 00, + 1~ Zp(u)d,) f(t,r,v) = 0.

Proof. The commutators are satisfied for £ = 0 and ¢ = —p if condition Equations (83) and (84) are
fulfilled. Under the same conditions, the symmetries are proven by the relations:

[Bqul] = [vafl] = [éva] = [év}/l] =0
[B,X@] :—B, [B,Xl] :—QtB
[

In particular, if we implement the physical requirement that the “force” term should depend only
on the positions 7, that is ¢(u) = ¢o = cste., we can compute explicitly the representation of the
algebra Equation (82). To do this, one must find a solution of the system:

[(2 = Du® + @o]*bia(u) + Bzul(2 — 1) + o]t (u)
2—z
+2[(z + 1)u? + 3p0]b1a(u) + 24 u = 0 (86)
zudya(u) + [(z — DU + poldo(u) + 2px/z = 0. (87)

The solution of the second equation is relatively simple, even for an arbitrary z:

z—2

dia(u) = —8o[(z — 1)u? + o] T /du [(z — D)u® + ]2, §y = cste. (83)
R

The solution of the Equation (86) for an arbitrary z can be expressed in terms of hypergeometric
functions, but we shall not give its explicit form here. However, for z = 2, the system Equations (86)
and ( 87) have an elementary solution:

u u? —
bia(u) = bz (@ + 20)? + b121 @+ 00)?’

b129 = cste., bia; = cste.

u

dig(u) = —px (89)

u2+<,00'
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Substituting this into the generator Equation (82) for z = 2 gives a finite-dimensional representation
of the dynamical conformal symmetry of a collisionless Boltzmann equation of the form:

Bf(t,r,v) = (ud;, + v, + @or28,) f(t,,v) = 0. (90)

4. Conclusions

In this work, we have described the results of the first exploration of dynamical symmetries
of collisionless Vlasov—Boltzmann transport equations. Our main finding is that these equations
admit conformal dynamical symmetries, although it does not seem to be possible to extend this to
infinite-dimensional conformal Virasoro symmetries, not even in the case of d = 1 space dimensions.
These conformal symmetries are new representations of the conformal algebra and are inequivalent
to the standard representation, which is habitually used in conformal field-theory descriptions of
equilibrium critical phenomena. Our first class of new symmetries was found by admitting the
momentum p (or equivalently, the velocity v = p/u) as an additional independent variable, leading
to the representations Equations (26), (30) and (31). The second class of symmetries also allowed for
external driving forces F(¢,r,v), and it has been one of the questions of which types of forces should
be compatible with conformal invariance. As an example, we have seen that time-independent forces
F(r,v) = r'=%¢(r*~1v), with an arbitrary scaling function ¢, are admissible and lead to the general
representation Equation (82). However, the solutions of the associated system of equations for the
coefficients have not yet been classified and the complete content of these representations remains to
be worked out in the future.

Some intuition can be gleaned from some examples. We have written down the explicit
representations for the force F'(r,v) = (1 — z)r~'v?, with an z > 1 arbitrary Equation (77) and for
F(r,v) = o r'=% Equations (82), (86), (87) with an arbitrary z > 1. In the later case, which could
be related to physical situations, we have given the explicit representation of the conformal algebra for
z = 2, when F(r,v) = por—3, Equations (82) and (89). Having identified these symmetries, the next
step would be to use these to find either exact solutions [16] or else to use the algebra representations
for fixing the form of co-variant n-point correlation functions, in analogy to time-dependent critical
phenomena; see, e.g., [12].

The results derived here can be used as a starting point to derive forms of the transition rates w in
the collision terms, which would be compatible with the dynamical symmetries of the collision-free
equations. This kind of approach would be analogous to the one used for finding dynamical symmetries
of non-linear Schrodinger equations; see, e.g., [17,18]. We hope to return to this elsewhere.
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