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1. Introduction

Along with energy, momentum plays a defining role in wave actions, and different related questions were debated since
Lord Rayleigh’s works on the theory [1,2]. Brillouin [3], McIntyre [4], Ostrovsky and Potapov [5], Peskin [6], Falkovich [7] and
Maugin and Rousseau [8] are among others who considered various aspects of this topic (a comprehensive list of references
can be found in the latter book by Maugin and Rousseau).

Note, however, that momentum, in contrast to the energy, generally is not a nonnegative value and it is very sensitive
to the formulation. In particular, it may be lost with linearization. By definition, momentum is the product of density and
the particle velocity, p = ov, and (possibly small) variations of both of them should be taken into account. The question is
whether it is possible to represent the quantity in a classical manner as the product of a mass and the wave velocity, where
only one of the multipliers, the mass can be variable. Below, we introduce such a representation.
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Most known results correspond to specific problems and low-intensity waves. The above-discussed representation
results in a straightforward way for determining the momentum of high-intensity waves. In dispersive sinusoidal waves,
the energy propagates with the group velocity. Does the latter play a similar role for momentum? We show that affirmative
reply is correct.

Under a linearized formulation where momentum is lost, could it be possible to extract it based on the simplified
description of the wave? We show that such a possibility does exist, and the lost momentum can be obtained considering
the mass distribution or even only the waveform (as, for example, in the case of the flexural wave considered below).

In the wave theory, along with the classical definition of momentum, the so-called “wave momentum” —gou'v is
considered (gg is the initial density, u’ and v are the derivative of the displacement and the particle speed). It is “... a
much debated notion” [8, p. 2]. “Of course, considering a “definition” of wave momentum... would be quite reasonable from
a strict mathematical viewpoint, but the physical meaning would be doubtful”. (ibid, p.14). Below, based on the general
representation the physical meaning of the “wave momentum” is given.

In the present work, we show that the essence of the issue and useful relations immediately follow from the mass and
momentum conservation with the assumption that ahead of the wave the waveguide is in a uniform static state until the
wave arrives (this is a kind of the causality principle). Abstracting from constitutive relations and other particularities a
greater clarity can be retrieved, and the results obtained directly from these first principles are valid for mechanical waves
of any nature, form and intensity.

We consider a homogeneous straight-line waveguide of an arbitrary cross-section and three types of mechanical waves: a
steady-state wave of an arbitrary shape, a periodic wave which speed differs from the speed of its form (for a linear sinusoidal
wave these are the group and phase velocities, respectively) and a binary wave carrying a self-equilibrated momentum.

The momentum follows as a product of the wave mass and the wave speed. Based on the general representation the wave-
induced drift and the connection between the momentum and energy are discussed. Periodic longitudinal and flexural waves
are considered as nontrivial examples.

Along with the reference frame associated with this initial state, we use a frame moving with the wave. Eulerian (spatial)
variables are used, unless otherwise is specified. We denote the longitudinal coordinate by x. The mass and momentum
densities per unit x-length and the x-component of the particle velocity are denoted by m = m(x, t), p = p(x,t) and
v = v(x, t), respectively. In the initial state of the waveguide, ahead of the wave, m = mg, v = 0 (or asymptotically equal
to these quantities as x — o0). As usual, the prime and dot mean the partial derivatives on the coordinate x and time t.

2. Steady-state wave

We are interested in axial momentum of a wave of a general form and intensity propagating along the x-axis with the
speed c (note that the wave can possess both the axial and angular momenta, see, e.g., [9]). In the frame moving with the
wave, the mass distribution is assumed to be fixed over the wave domain as well as ahead of the wave where the uniform
waveguide is in the initial static state (condition ).

2.1. The wave mass and momentum

As the first state consider the wave in the moving frame, where the waveguide medium flows through the wave domain,
and momentum in front of the wave is equal to —mgc. For such a steady movement, it follows from the mass conservation
and the above condition «+ that

op _ 9 ds=-2"_o — (1)
_——— v = —_—— = =_=—mC,
ox ~ ax ) ot P=p 0
where p and v are density and the x-component of the particle velocity, and S is the cross-section area. Now, adding the
corresponding right-directed rigid momentum p; = mc (toreturn to the reference frame) we obtain the momentum density

p=myCc, m, =m-—my. (2)

The excess of the mass in the wave m,, can be called the wave mass (per unit length). It does not consist of the same
particles but propagates as the wave. Note that both these parameters, the wave mass and momentum, can be positive, zero
or negative. In the latter case, the momentum directs opposite to the wave.

A step wave is the simplest example. The mass conservation reads as

o(c—v) =gc = p=ov=1_(0—0oc. (3)
Recall that v is the particle velocity and o and g are the actual and initial mass densities.

The advantage of the representation (2) as compared with the initial definition, p = mu, is that it contains only one
variable m. In certain cases, this allows immediately to indicate the presence of momentum and to determine it based on
the linearized expression of the wave, as in the case of a flexural wave considered below.

An arbitrary transverse wave in an inextensible string under a constant tensile force T is a simple example. The above
relations are valid for this case, and the wave mass corresponding to an x-segment is go(¢s — £), where £; is the arc length
and ¢ is the segment length.
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2.2. The momentum, energy and wave shift

Assuming the flow in the first state to be irrotational consider a stream filament. Let s, v; and g be the curvilinear
coordinate, the speed along it and the mass per unit s-length, respectively. For brief, we now take the case where s(x)
is a single-valued function. In a similar manner as above, we call ¢ and gq the densities of the mass per unit x-length in
the actual and initial states of the filament. Now v is the x-projection of the velocity vs, and the mass conservation reads as
0sVs = —CQy. It is also convenient to introduce the stretch A of the distance between (close) filament material cross-sections
normal to the x-axis, . = g¢/0.

The expressions (1) and (2) are also valid for the filament. Indeed

0 =o0sds/dx, v_ =uvsdx/ds, = pv_ = QsVs = —QoC, (4)
where v_ is the particle speed in the first state, and
P =0Qv-=—0C, p=p-+0C=0uC, 0Quw=20— 00 (3)

The filament wave mass density (per unit x-length), ¢, in Eulerian (E) and Lagrangian (L) description is

o, = |@0(1/3 =1 = oo’ () -
v 00(1 = A) = —gou @,
where u is the longitudinal displacement (recall that here A is the stretch of the distance but not of the medium element).
The value of A is the same for both expressions, whereas v’ is different if A # 1.
The kinetic energy density is

c? 2
% = 2[(c + v cosa)? + (vssina)?] = 2 1+(‘Q°) _2% 7
2 2 Qs Q
where « is the angle between the filament and the x-axis. In particular, if os = ¢ this expression becomes
X = pc = ouct. (8)

Note that the kinetic-potential energy partition is considered in [10].
The wave passing can be accompanied by a progressive shift. In the stream filament, there is a one-to-one correspondence
between the shift and momentum density. Indeed, the shift per unit x-length
1—A

g= —" = W E), q=l-i=—u(@0) = qg=-" (Eandl). 9)
A 00C

The wave shift is typical for solitary waves. The well-known Stokes’ drift in surface water waves [11] is also an example.

2.3. Physical meaning of the “wave momentum”

The so-called “wave momentum”, —ggu!’v, can be treated as the momentum without a zero-mean term. Indeed, represent
the momentum density with a linear part separated. With refer to (6) we obtain

p=0v=po+DPw, Po= 00V, Pu= (0~ 00)v=—00U'V, (10)
where o — g is the wave mass density. The separation makes sense for the case of a periodic wave with a zero mean v.
Here the first term vanishes on the averaged, and only the second one remains. Thus, in this case, the “wave momentum”
coincides on the average with the original definition of this quantity.

3. Binary wave

A binary wave in a helical fiber was described by Krylov and Slepyan [12]. Caused by an axial force with no torque it was
a wave consisting of two parts rotating with opposite directed angular momenta of the same value. Similarly, a binary wave
with a self-equilibrated axial momentum can be emitted without axial action.

Consider the corresponding piecewise constant two-step wave consisting of a forerunner (the front part of the wave)
and the successive part (the wave excited transversely). Let the former be a longitudinal wave propagating with the speed
¢4, the mass density m and particle velocity v,, whereas m and v be the corresponding values for the flexural wave, and
let D be the speed of the interface between these parts.

The mass conservation relations are

(c+ —vymy =cymg, (D—v)m=(D—vy)my. (11)
The axial momentum per unit time in the flexural wave, P, and in the forerunner, P, can be obtained in a similar way as
above for the single wave. However, the fact should be taken into account that in front of the former, the mass density and
speed are m4. and v, not mo, c. In this problem, the energy densities & and CE, as well as the energy flux speeds ¢, and
c (for the flexural wave and forerunner, respectively) are to be taken into account. Note that, in a true steady-state wave,
¢y = c; however, for greater generality, we denote them as the group and phase speeds, respectively. In a linear longitudinal
wave, where the kinetic and potential energies are equal, &, = m vi.
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With refer to the mass conservation relations (11) the momentum densities per unit time can be expressed as
P =mv(D —v) =[(m—my)D + (my — mo)c1(D —v),
Py = (my —mg)cy(cy — D). (12)

For the four unknowns, v, v4, my and D (¢g, ¢4, mg and m = mg + m,, are the input data) there are four equations, two in
(11) plus the momentum and energy conservation relations

P+P+=O, S(Cg_D)=8+(C+_D). (13)
An explicit solution can be presented for a low-intensity wave where |m,,/mg| < 1. The corresponding asymptotic values
are

2
CgCy My, C+Cg my,
v~y ——— Vg~ —— 5 ,
C++Cgm0 C+—Cgm0
2 2 4 2
C MmoC C m
g +-g w
My — Mg ~ ——5——m,, cg—Dw(ch—cg)Zi“( ) . (14)
i — ¢ (c+—cg)8 my
The momentum densities per unit time follow as
2
C+CMmy,
P=—P, = mu(D — v) ~ MoCgv ~ ——. (15)
Cy + ¢
Thus, the densities per unit length asymptotically equal to
P cycemy, P CCamy
P~~~ ~ -t (16)
Cg Cy+¢Cg €y —Cg i —¢

In addition, we compare the energy densities of these parts of the binary wave. For the linearized formulation the potential
and kinetic energies should be equal. It follows that

2.2 2 42 2
moczcy m? mocgct m?

E=m?~_—%21T _w &, =mvi ~ —2 , 17
Grerm TN T @ g m ()
and the ratio is
I3 c?
o o g (18)

& (€4 —¢g)?’
The binary wave arising under transverse harmonic excitation of an elastic beam is considered in Section 5.2.

4. Periodic waves

Here we consider a periodic wave which speed ¢, differs from the speed c of its form. Usually, such awave is characterized
by a quasi-front which is considerable in a slowly expanding transition area in a vicinity of x = ¢,t. In the present study,
taking into account the fact that as the wave propagates the quasi-front area becomes asymptotically negligible, we consider
it as a periodic wave with the front at x = ¢,t.

We use the c,-moving frame where the wave does not propagate but the waveform moves with the speed ¢ — ¢,. In this
state, there is not a fixed but a periodic distribution of the mass and particle velocities, and the expressions for the mass
conservation and for p_ (1) and p (2) are still valid being averaged over the period. We have

(p-) = —mocg,  (p4) = (m)cg,  (p) = MyCg, My = (M —mp). (19)
So, momentum propagates with the same speed c; as the energy.
The expressions in (6) can also be used for the filament

(p) = —0o(U)cg = QO—f[(u(x) —ux+ D), (20)

where the value of the period L depends on what the formulation, Eulerian or Lagrangian, is used.
The period-averaged drift speed is

vy = —(U)cg = @ (21)

Qo
5. Longitudinal and flexural waves

5.1. Longitudinal oscillating wave

Here we consider a one-dimensional, longitudinal, periodic wave of a zero mean particle velocity. The latter condition
can be formulated concerning the velocity of fixed particles (as the wave excited by the Lagrangian emitter) or regarding
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the particle velocity detected at a fixed spatial point (the wave excited by the Eulerian emitter). The results corresponding to
these different formulations could be different (see [7, pp. 75-76]). In the former case considered by McIntyre [4] momentum
is at zero regardless of the wave form and intensity. The latter case was examined by iterations for a small ratio of the particle
displacements to the wavelength [7]. Below, based on the representation presented in (5) and (6) we express momentum
in a closed form valid for the oscillating wave of a finite amplitude. The only condition is assumed that the particle velocity
is below the wave speed.

Consider a 1D longitudinal wave where the particle velocity can be represented in the form

dx(t t
v O _ s (t — Q) H(ct — x(t)), (22)
dt c

where —1 < f < 1,0 < vg < c and for any x = x, fixed and period T

/f(t —X,/c)dt =0. (23)

T
The displacement follows from this as
t t ¢ d t
u:voff(t_&)dt:voc oL S O (24)
x/c c o €—vaf(d) c
Thus
f___wf®) (25)
¢ —vaf(¢)

and

p— 0ovocf (¢) . (26)

¢ —vof (§)
In particular, if v < ¢
2
)

P~ oo () + SO + (27)

and if f(¢) = sin(wt — kx) the averaged wave drift and momentum are
. v do?
vg=—al ~ 2% = . () = oova. (28)
2c 2c

where a = vyw is the wave amplitude. Note that for a dispersive wave the phase speed ¢ = w/k must be replaced by group
speed c;. In the case ¢ = ¢,

1
Vg~ Eaza)k, (p) = 0ovq. (29)

Note that the drift speed induced by the 1D low-intensity longitudinal sinusoidal wave, that reflected by the expression in
(29), is functionally the same but twice as less as the Stokes’ drift on the surface of a 2D wave propagating on deep water
(see, e.g., [13]). In the next section, we show that the momentum of the flexural sinusoidal wave appears the same as for the
longitudinal one.

Also, note that the above results do not follow directly from the linearized formulation, which is incorrect for any value
turned out to be zero. So, if the linearized description evidences that the wave does not possess momentum, it does not
mean that the latter is absent. It should be added that the linearized mathematical theory can be perfect by itself but does
not necessarily reflect the corresponding physical applications correctly. In such a case, further analysis as done above is
required.

5.2. Flexural-longitudinal binary wave
Consider a semi-infinite string or an elastic beam, 0 < x < oo. Let a flexural wave, be excited by a transverse periodic
action at x = 0, and the transverse displacements in the wave area be
w = af (x — ct). (30)

Here the representation of momentum through the wave mass is especially useful. Indeed, since no axial force is applied,
we may conclude that in the established regime, the string axis is not stretched, and the wave mass is

my, = moy/ (1+u)? + (w')?, (31)
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and its value averaged over the period £ is

(my) = 1v/mwdx: £—1, (32)
L), 12
where L is the arc length corresponding to the chord length .

Thus, the axial momentum appeared without axial action, which may happen if the flexural wave excites the longitudinal
one with the same but opposite directed momentum. That is, the transverse action results in a binary wave as discussed
above.

As an example consider a sinusoidal flexural wave in a linearly elastic beam. For a large wave-length-to-amplitude ratio,
the classical Bernoulli-Euler dynamic equation is valid, possibly with a term corresponding to the tensile force. The equation
is written regarding the transverse displacements, and it may seem that there is no axial momentum; however, it is not so
as we already know.

To determine the momentum of the binary wave, using the results obtained in Section 3, we need the input parameters,
densities of the initial mass as well as the averaged wave mass and energy for the flexural wave, and also the wave speeds,
cgandcy.

In terms of the transverse and longitudinal displacements, w and u, respectively, with small derivatives w’ and v/, the
binary wave can be described as follows. Since there is no axial tensile force in the flexural wave region, we based on the
equation

arrw” +9 =0, (33)

where r = /J /A is the radius of inertia moment J of the beam cross-section area A. The flexural wave is

w = acos(wt — kx), k= /i. (34)
c.r

The frequency as a function of k and the group speed ¢, are

wr
w=cyrk?, g =2cirk=2c; [—. (35)
C+

The initial and actual mass densities can be expressed as

me = A m=T0 o ! (36)
0 = AQo, =5 =1_u
The derivative u’ can be found from the fact that the arc length of a beam material segment remains the same as its
corresponding initial length. This results in the equality

72
Vit w)3=1-v = u/zl—\/]+(w/)2~—ﬂ. (37)

2

Thus, the mass and the wave mass are

w/ 2 w/ 2
m:mo(l—u’)~m0<l+%>, mw:m—mowmo(z),
mea’k?  mod*w
(my,) = = - (38)
4 4cyr
Finally, the flexural wave energy density is
1
& = 0o(W)? = o w? sin®(wt — kx), (8) = = 0o’ w?. (39)

2

Now all the values presented in (14)-(16), except the expression for ¢, — D, can be calculated replacing the variable
values by their averaged representations. As to the ¢; — D difference, we note that the original equation (the second relation
in (11)) contains not negligible products of variable values, whereas the product averaged does not equal to the product of
the averaged factors. However, for the low-intensity wave considered here, the difference is very small; it is of the order of
(ak)*. So, with the accuracy adopted in the linearized formulation, it only evidences that D < Cg With D ~ ¢,.

In particular, the ratio of the energy densities defined in (18) now is

(&4) 4r2k?

~ ~4r%k* « 1. 40
(8) (1 — 2rk)? rie< (40)
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Since |rk| < 1 by the definition. This estimation of the energy ratio is also valid for the total energies. Indeed

Ei(cy —D) &y
ED—v)  €c

~ 2rk. (41)

Nevertheless, the longitudinal wave possesses the same momentum, by its value, as the much more powerful flexural
wave. However, the momentum is rather small. It asymptotic value coincides with that following directly from the mass
conservation (2)

P= _P+ = m+U+(C+ - D) ~ MeCyvy ™~ megZ, p = myCg. (42)
So, the momentum carrying by the flexural wave can be found using the expression in (2), with ¢ = ¢, disregarding the
forerunner. Surprisingly, it is asymptotically the same as in the longitudinal wave. Namely, as follows from (38) with the
expression for the group speed in the beam, ¢, = 2w/k, the averaged value of momentum is

moak’c 1
8 mydPwk, (43)
4 2

and the drift is also a half of that in the surface of the water waves

{p) ~

1
vg = Eazwk. (44)

Thus, in this case, the flexural wave carries a momentum, while the associated longitudinal extensional wave has equal,
opposite directed momentum. At the same time, in such a problem but for the infinite beam, due to the symmetry, there is
no momentum in the flexural waves, while the associated longitudinal waves possess momenta directed to the origin.

6. Conclusions

Based on the mass conservation and the causality principle the axial momentum density per unit length (or its period-
averaged value) is represented by product, p = m,c, of the wave the wave mass and speed (the energy flux speed). The
latter is the (positive or negative) excess over its initial value. The wave mass does not consist of the same particles but
propagates together with the wave energy transmitting through the waveguide. In the case of inextensibility, the wave
energy & = m,,c>.

The representation is valid for steady-state, periodic and binary mechanical waves of any nature, form and intensity.

Momentum propagates with the wave speed the same as the energy (in the case of a linear sinusoidal wave, it is the
group speed).

A physical meaning of the so-called wave momentum, —p,u'v, is clarified for a periodic wave with a zero mean particle
speed v. It is the momentum without zero mean part.

Explicit expressions for the wave drift and momentum are presented for an arbitrary longitudinal wave of a finite
amplitude.

It is shown that momentum does exist in transverse waves. Under the transverse excitation of a string or a beam,
the flexural-longitudinal binary waveforms carrying self-equilibrated axial momentum. The longitudinal part of the wave,
excited in front of the flexural one, has a relatively low density in a relatively large region. Parameters of the wave are
presented (explicitly for a low-intensity wave).

As arule, linearization eliminates the distinction between initial and current densities as well as between the Lagrangian
and Eulerian formulations, the distinctions which should be taken into account in the momentum determination. Also,
some needed values are reduced to zero. The above considerations suggest that the approximate results can be used but
possibly with some additional data. In particular, the existence of momentum depends on the emitter type for a longitudinal
sinusoidal wave, and on the boundary conditions related to the axial motion, in the case of the flexural wave. In other words,
if the momentum based on linearized formulation is zero, to find its value the formulation should be properly expanded.

Finally, concerning the forces with which a wave acts on an object, we note that irrespective of momentum, there exists
an energy release from the wave at a moving obstacle, and the corresponding configurational force remains nonzero at a zero
limit of the speed. Also, the wave reflection results in a (Newtonian) force corresponding to the change of the momentum,
if it exists. Both these factors take part in the action of a wave on the obstacle.
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