Two Kinds of laser sound help students comprehend dispersion
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Abstract

Dispersion is a very fundamental physical concept, but few vivid and straightforward
examples of dispersion can intrigue students' interests or arouse their curiosity. In this
article, the author puts forward and analyzes two kinds of laser sound (whistler), laser
sound in ice holes, and at slinky springs, as pedagogical examples of dispersion. On the
one hand, these examples are the typical dispersive phenomenon, which is interesting and
explicit enough to help students grasp dispersion physical concept; on the other hand, they
are easily carried out, indicating the examples are timely and practical, since few students

are permitted to enter college physics lab due to COVID-19.



I. INTRODUCTION

For wave propagation, group velocity, phase velocity, and dispersion are very
common and fundamental physical concepts. In 1839, W. R. Hamilton! firstly proposed the
idea of group velocity. Afterward, Lord Rayleigh defined and discussed group velocity,
phase velocity, and dispersion very clearly.>® Thanks to such excellent basic work,
scientists nowadays do employ them to a diversity of scientific research fields, like
underwater acoustics, seismic acoustics, biomedical ultrasonic, etc. However, although the
dispersion physical concept has grown up for over one hundred years, undergraduates and
even graduates still feel confused and obscure about it. Honestly speaking, I also spend a
lot of time thinking over the dispersion concept. Note that we live in a dispersive medium
every day, but we provide few vivid examples of dispersion from our lives to physics
teaching. For example, at the class of Theoretical Acoustics*, waveguide® and solid are
characteristic dispersive medium in terms of multi-frequency wave propagation, but the
pedagogy full of abstract mathematical derivation might not leave a clear physics figure in
learners’ mind. I do not mean that teachers would not like to show some vivid and simple
examples to help students grasp the dispersion physical concept, but to find suitable-
teaching examples is not easy. For example, Prof. Walter Lewin® in MIT uses the example
of deep-water wave at the class of Vibrations and Waves. 1 don’t mean this is not a good
example, but the example is not audiovisual, which might leave difficulty for students to
imagine the characteristics of deep-water waves.

Therefore, some vivid and audiovisual pedagogical examples of dispersion are
necessary. Out of the enlightenment of sci-fiction films like STAR WARS, I realize that
laser sound’ is a typical result of dispersion suitable for physics teaching. In this article,
introduce two kinds of laser sound resulting from two dispersive ways. And after teaching
practice, the pedagogical examples of laser sound help explain the dispersion physical
concept.

The first example is the ice-hole laser sound from Dr. Peter Neff’s Twitter post.® Dr.

Peter Neff is a geologist who often digs ice cylinder bars from the Antarctic iceberg. Take



an ice cylinder away and Leave an about one-hundred meters hole. When people drop a
block of ice, whistler or laser sound is followingly produced. Up to now, more than ten
million people have browsed the post. In my opinion, the intriguing phenomenon is a
perfect pedagogical example of dispersion and students would like to devote themselves to
answer the awesome sound out of curiosity.

Second, the well-known slinky spring toys’ can also produce laser sound'’. In the
1950s, the slinky toy was popular all over the United States because it could go downstairs
by itself. Meanwhile, it was also a good prop in vaudeville. Afterward, in college physics,
the slinky springs are generally used to display standing waves and researched on its
changing of the mass center.'"'? Prof. Frank S. Crawford noticed that the slinky would
whistle when we used a pencil to tap the spring.!*>""> Nowadays, it’s still necessary for us
to discuss how to employ slinky springs’ whistler or laser sound to exemplify dispersion.

Besides, these two pedagogical examples are timely and practical, because to get
dispersive phenomenon need not professional equipment in a laboratory. As for the
dispersion in ice holes, we just need to capture and analyze the audio data from the Twitter
post; and the slinky springs are very easy to be purchased online or from physical toy stores.
Although there are several excellent pedagogical examples of dispersion, like acoustic
waveguides, capillary waves, etc.>'®!7, they are indeed impractical at the current time, for
few students are permitted to enter laboratory due to COVID-19. Therefore, dispersion in
ice holes and dispersion at slinky springs are timely pedagogical examples. Note that
concrete teaching ways are flexible. At our class of Theoretical Acoustics, the prof.
Xiaodong Li arranged these examples as after-class homework and encouraged us to
deliver a presentation in class, of which the professor gave the assessment. Or, if courses
gear down to the low ability of students, professors may demonstrate these two examples

in class, instead of requiring students to probe into those by themselves.



II. DISPERSION CONCEPT!'®
Even though the definition of dispersion is a simple and basic concept, some students
in our class still have little knowledge of it. Thus, so that the pedagogical examples can
work as we expect, we do need to introduce dispersion concept to students explicitly.
With the development of theoretical physics, scientists realize that few single-
frequency waves in nature. Namely, the wave phenomenon is mostly in the way of
multifrequency. In that way, group velocity is defined to describe the speed of combination.
And phase velocity is the rate of propagation of wave state. (Figure 1 shows the simplest
situation about group velocity and phase velocity.) In wave mechanics, Schrodinger called
these groups or combination "wave-packets."!? At the perspective of signal processing,
group velocity is the rate of “modulation” and phase velocity is the rate of “carrier”. In
certain scenarios, group velocity does not be equal to phase velocity, in which wave
propagation is called dispersive or medium is named dispersive.
To clarify dispersion, a simple combination of groups obtains when two waves,
o =0+Ao, k =k+Ak
®,=0—-Aw, k, =k—Ak
are superimposed, giving:

v =Acos(wt —k,x)+ Acos(w,t — k,x) =2 A cos(Awt — Akx) cos(wt — kx) )

in which ® means angular frequency; k& means wave beam; A is the amplitude of each

wavelet.

Figure 1 the sketch drawing of phase velocity and group velocity

So, we define group velocity and phase velocity as respectively



C =—,C, =— 3)

Furthermore, groups are more likely to be made up of infinite frequencies components. In

this case,

To go further, we substitute CPZ% into Cg = Z—Z , and then

oc, oc,
C,=C,+k—L=C,~A— 5)

Up to this point, let us discuss the condition of dispersion. Whether phase velocity is
independent of frequency (wavelength) or not is necessary and sufficient condition of
dispersion. In other words, if phase velocity is relevant to frequency, dispersion occurs;
otherwise, there is no dispersive phenomenon. However, when it comes to group velocity,
the situation is sort of different. If group velocity changes along with frequencies,
dispersion is bound to occur; however, if group velocity is independent of frequencies,
dispersion possibly or impossibly shows up. Or, if we want to use graphical language to

describe dispersion, that is what Figure 2 presents.
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Figure 2 the graphical language of dispersion
In the time domain, if the waveform of a signal changes along with propagating, the
phenomenon is “dispersion”. As for the non-physics department students, if they can build
up the physical image on dispersion in their minds, it’s knowledgeable for them to work

out the following two kinds of laser sound.



I11. DISPERSION IN ICE HOLES

To explain the laser sound, the first step is to know what a dispersion phenomenon in
ice holes is. The best way is to watch the Twitter post video from Dr. Peter Neff®. It is
believable that students might feel amazed and weird for the first time they hear such
sounds. Our ears just listen to the information of the time domain, while the information at
the frequency domain is more helpful for students to analyze it physically, so the short-

time Fourier transform (STFT) is essential. (Figure 3)

5000
4000

3000 | \

A 1 L
| %
A

\ I |
|
| | |

i\ ||
i

| {

1-4 : I|
o Wy MY il R M
0.5 1 15 2

25

Frequency(Hz)

Time(seconds)

Figure 3 The time-frequency diagram of the laser sound.

According to Figure 3, it’s very evident that the “Piu” laser sound is out of downward
sweep frequency. To further explain, we create a cylinder hole model with a rigid wall
which means we don’t consider reflection loss of acoustic energy at all. When the ice chunk
hit the bottom of the ice hole, it produced a pulse signal containing all kinds of frequency
components. Because of the certain property of the ice hole in terms of wave propagation,
the pulse signal is switched into such a “Piu” laser sound.

From Peter Neff’s Twitter post®, the diameter of the ice hole is 0.2718m and depth is
90m (4 =90m ). And in the air at -20 degrees Celsius, the speed of sound is about 320m/s*°
(c=320m/s). We build a cylinder coordinate, as Figure 9 (appendix) shows. In the

cylinder hole space, wave equation® is



And then we employ Laplace Calculator into the above wave equation and obtain

1 8( 8pj 10°p ’p 10p
P R LY R R AP
ror\ or) r 060" 0z ¢ ot

()

Afterward, we use the method of separation of variables and substitute boundary conditions
into wave equations, leading to the dispersion equation. (The concrete steps are at the

appendix.)

inwhich w=27*f, o, =27%f .

table 1 the cut-off frequency of different orders

S (H2) m=0 m=1 m=2
n=0 0 690. 28 1145. 10
n=1 1436. 81 1999. 23 2514. 04
n=2 2630. 27 3200. 57 3623. 89

At this point, we can get frequency-varying and modal-varying group velocity in terms of

the formula (4),
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Figure 4 the curve of group velocity along with frequencies and models (only first seventh orders)

Up to now, the laser sound in the ice hole is clear. When the ice chunk hits the bottom
of the ice hole, it produces a pulse signal containing a diversity of frequency components.
Because of boundary conditions at the direction of 76, acoustic waves spreading through
z direction shows the characteristic of dispersion. At the same model order, the higher the
acoustic frequency is, the faster waves spread; at the same frequency, the higher the model
order is, the more slowly waves spread. The mechanism of acoustic waves propagating
leads to the “Piu” laser sound.

To verify the correctness of the physical model, the results from simulation and
measurement are placed into the same time-frequency diagram. (Figure 5) The red line
represents the simulation (only first seventh orders). The downward sweep yellow line at
the background represents the measurement from the Twitter post above mentioned. These
two kinds of lines match each other well, so the explanation of ice-hole laser sound is

reasonable.
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Figure 5 comparison at time-frequency diagram between simulation (only first seventh orders) and
measurement

IV. DISPERSION AT SLINKY SPRING

Another kind of laser sound easily obtained is produced from slinky springs. Doctor
Mix!? shows how to use slinky spring toys to produce laser sound like what we hear in sci-
fiction films. Julian Parker, etc.?! can synthesis kinds of laser sound utilizing the dispersion
mechanism and if students have difficulty getting such laser sound, they may go to Julian
Parker’s website?? to get a demo, though this way is not encouraged. In this article, we
focus on a physical pedagogical example.

Similarly, to know the laser sound produced by slinky springs well, a time-frequency

diagram is given. (Figure 6)



8000
7000 §
6000

s000 RRE!

Frequency{Hz)

4000

e
- -

61 02 03 04 05 06 07 08 09 1
Time(seconds)

Figure 6 This is the time-frequency diagram of laser sound. Note that the sound is from Julian Parker's
website” because their measured signal is much better than mine.

At first sight, lots of students are likely to try to explain the phenomenon using the
knowledge of solid acoustics. It is because acoustic waves might show the dispersive
property when they propagate in solid and interact with the boundary. However, solid
acoustics is evidently more complicated than acoustics in air. For example, longitudinal
waves might be coupled with transverse waves in terms of the impact of the boundary. If
those students of enough competence, they may get a perfectly accurate solution.
Nevertheless, as for the most undergraduates, they might be in vain if they work in that
way. At this moment, lecturers had better give some clues. For example, the acoustic
wavelength is at least 50mm, while the linear size of the slinky springs’ cross section is no
more than 2.4mm?2. On the condition that wavelength is much larger than the size of cross
section, laser sound at slinky springs is absolutely approximate to the transverse vibration
of a bar.!3"! Thanks to such an initial analysis, students are self-confidently willing to
explore the mechanism of the laser sound.

It is easy to get the wave equation of transverse vibration of a bar, a fourth-order linear

partial differential equation. (the detailed derivation steps are at the appendix section.)



dy__ p &y
o' O or 4o

As for the equation (10), O, p, xk represents Young’s modulus, density, the radius of

gyration respectively. And they are certain constants. Having Employed the method of

separation of variables, we can get the equation of dispersion,

2
)
k* = g = (11)
And group velocity is
1
2 2 2\
ngé_wzz Ok™ 5 |9k /34”{ (12)
Ok P p L Ok
1
2 3
C=a-f,a=2 Q; [;’?J (13)

And then we plot measurement and simulation at the same time-frequency diagram. (Figure

7)
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Figure 7 the time-frequency diagram of both measurement and simulation

As for measurement, there are many downward sweep lines within one second,



meaning acoustic echo. In metal solid, acoustic velocity is about 10°m/s the magnitude

and the slinky spring is about 20~ 50m length. When waves come across the end of the
slinky spring, waves would be reflected, so within one second, there are approximately 50
times of reflections or echoes. (Figure 8) As for simulation (Figure 7), only three lines are
calculated, which is enough to make the mechanism clear. Importantly, measurement and
simulation match with each other well, indicating that transverse vibration of a bar at low-

frequency approximation does make sense.
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Figure 8 The amount of echo within one second is approximately 50 times.

Figure 8 shows the most fortunate scenario that the measured point is the middle of
the slinky spring. In that way, the interval between two neighboring lines at the same

frequency is constant. Supposing the length between the measured point and the tapping

point is /;, length of the slinky spring is /, the moment of tapping is zero point (¢ =0),

we then get i echoes after ¢, in which

t, = (15)



So, the interval ( At ) between two echoes is constant in terms of the same frequency.

Aot 4 :lo+il_lo+(z'+1)l ~

)
F it # = (16)
G '

V. COMPARISON & CONCLUSION

This article mainly introduces two kinds of laser sound (whistler), laser sound in ice
holes, and laser sound at slinky springs. They are very good pedagogical examples or after-
school assignments. One the one hand, they are vivid and intriguing, arousing students’
interests and leading them to explore proactively. On the other hand, these pedagogical
examples are easily carried out, which provides much convenience to both lecturers and
students during the pandemic period of COVID-19.

When we compare two kinds of laser sound, there’re several same points and different
points. As for the similarities, firstly, they are both laser sound. Having learned such
examples, students will realize laser sound is relevant to sweep frequency signal once
students meet with certain sound similar to laser sound in the future, which remarkably
extend their physics intuition. Secondly, by exploring laser sound, students are bound to
sharpen their skills in solving wave equations. Waves are very common and fundamental
phenomena. No matter what fields students study in, physics, electronic engineering, or
mechanical engineering, an in-depth understanding of wave phenomenon is beneficial for
their further learning.

Moreover, students should also know two kinds of laser sound hold different points.
The first difference is the medium. The ice-hold laser sound is about wave propagation in
air, while laser sound at slinky springs involves wave propagation in solid, of which the
point is obvious. The second difference is the degree of approximation. In terms of laser
sound in ice holes, we don’t do low-frequency approximation; laser sound at slinky springs
needs the method of low-frequency approximation to simplify the wave equation. It is
because the acoustic wavelength is roughly 0.1m and the diameter of the ice hole is 0.27

m , which does not satisfy the condition of low-frequency approximation; as for slinky



springs, the wavelength is much larger than the linear size of the cross section of springs.
If students encounter such physical details, they definitely learn how to analyze a puzzle

and grasp the main issue.

VI. Appendix

the derivation of dispersion equation (8) in the ice hole
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Figure 9 The cylinder hole with a rigid wall as a physical model to represent the ice hole.

The physical model is as Figure 9 shows. The depth of the ice hole is 90m (/4 =90m ),

the diameter of it is 0.2718m (2a = 0.2718m ), and the speed of sound at -20°C is about

320m/s. The wave equation is

1 0°p
Vip==5—+ 17
c* or 4
We employ the Laplace calculator to unfold the above equation.
1o op) 10*p &p 10p
——|r= ===+ == 18
r ar( 81”) 00> o ot 1o

We solve the equation using the method of separation of variables.

p=R(r)0(0)Z(z)e™ (19)



Substitute (20) into (19)

2
6;{+ku:0
/4
d’e
7 +m’0=0 (20)
2 2
d§+ld—R+ kf—m—z R=0
dr- rdr r

in which,
a)Z
K :C—Z:kj+kf (21)

(21) 1s the essential dispersion equation. Afterward, we try to get the expression of £, . In

the direction of z axis, we set up a traveling wave solution.

Z(Z) = Aze_"'kzz (22)
And at the circle, we set up a standing wave solution.
()= 4,cos(mb+g,) (23)
Note that ©(8) is a periodic function with a period of 27 .
(24)

O(6+27) = 4, cos(m(60+27)+p,) = 4, cos(mb+¢p,) =O(6)

Thus, m must be an integer. And in the radial direction, the solution is the combination

of Bessel function and Neumann function,

R(krr) =AJ, (krr) +BN (krr) (25)

Because Neumann function at zero points is divergence, we only leave Bessel function.

R(kr)=A4J, (kr) (26)

Substitute (26)(22)(23) into (19)
P, = Ame (krl”) coSs (me -0, ) ej(wtszz)’
4,=4.4,4,

Also, at the boundary of 7 =a, radial velocity equals zero.



__J o _, Ik d, (k,r) cos(md—g )ej(wtszz) (28)
™ py@ Or py| d(kr) "
dJ (k
@ (k1) =0 (29)
d (krr) .
Plus, Bessel function has recurrence relations,
a/,(x) 1
d(X) = EI:Jm—l (X) _Jm+1 (x):l
(30)
dJ, (x)
=—J
a(e) W)
We employ these relations into (29) and obtain,
g (kra) =J, ., (kra), (m> O) )

J,(ka)=0,(m=0)
Up to this step, we get the discrete value of k&, ,soweuse k, torepresent k, .According

to Bessel function’s zero points, we get the table 2. Plus, the cut-off frequency is

k,-a
o, k,c 4 ¢ ¢
—_mn __mn = = -k a 32
Som 2r 2« 2 2ra ™ 52
table 2 zero points of Bessel function
ka=k,a m=0 m=1 m=3
n=0 0 1.841 3.054
n=1 3.832 5.332 6.705
n=2 7.015 8.536 9.665

We substitute (32) into (21) and then we can get the dispersion equation (8).

In the following content, we continuously explore transient response. That is the

Transient Green Function of the ice hole. Based on that, we may know the energy

distribution at models of each order. As a result, we will hold a deeper understanding of the

laser sound (whistler) of the ice hole.

Because the initial acoustic source is axisymmetric in terms of the direction of &,



—=0 (33)

We can simplify the equation (27) into,

e, =4,J, (k,r)e“") (34)

mn mn mn

According to Prof. Morse’s Theoretical Acoustics® and Prof. Zhang’s Theoretical

Acoustics*?, we can obtain the expression of the Transient Green Function followingly,

g(r,z,t;r',0,0) = iig”m (35)

CJ (k V)J (k r!) © ez(/c zfa)t)
— mn m mn d
S 4 ;'; —icrk, @ =
2 2 o’ 2
kmn+kz :c_2:k (37)

inwhich j and i bothare imaginary units. And i(k.z—at)= j(wt—k z),whichis just

out of using customs. In the expression (52), the factor before the sign of integration just
represents the models of the standing wave at the cross section, which is decided by the
shape of the ice-hold cross section. The factor does not take effect on wave propagation in
the direction of z. Thus, the back part of the integration sign in the expression (52) is the
key to know how the pulse signal propagates throughout the ice hole and how the energy
distributes among different models.

Given

ckzzc\/k2 . \/a) -, (38)

we may deduce

| 2 2
) i(k_,zfalt) l( @ w’”’iiwtj
e
do= I
—lﬂwla) C!)

If o,, =, =0, the above formula (55) equals to

do 39
> —icrk, )



zZ
0,t<—

T 1 efiw(tfgjda) _ C (40)
s —i7mw 2’ r> E
c

At this point, when the acoustic source is lower than the cut-off frequency of the ice hole,
there’s an only plane wave propagating in the ice hole. Before the wave arrives
measurement location, there’s no energy at the point of measurement; once the wave arrives
at the measurement location, the energy of this point increases by the form of the jump

function above mentioned.

On the other hand, if ®,, # @,,, the scenario is sort of complicated. According to the

expression of point acoustic source in cylindrical coordinates®®

i\ 22 ©
e ! j HY (k.r)e*dk. (41)

N

2
4 zZ . .
and substitute k,k_,k,,z,r into —,¢, (—j -, 0, iw,, respectively, we get
c \] c

1 a)2 a),‘,mE 1 © 2

e ¢ . z ;
________=-Ifﬁ” i (—) —1* | dt (42)
o' -, 2% ¢
2 N wmn =2iwt o 2

e ¢ i
€ J'H(E‘ io ( j 2 ey (43)

i\ o' — c

mn

Evidently, formula (55) is a kind of Fourier Transformation, in which the expression in the

2
time domain is H(()l) io,, (—j —¢* | and the expression in the frequency domain is
c

. 2 2 Z .
o —w,, ~=2iot

. At the same time, we can also get the Fourier Inverse Transformation,



q w 7—21a)t

26 110) (Ej (44)
zwla) a) c

]j e\/irLda)——ﬂ'H ‘/ (45)

Up to this step, formula (45) is exactly the result of the equation (55). Followingly, we try

s
27

8%8
g
QL
%
E

to analyze the property of formula (45) which is divided into two cases. On the one hand,

2
if 0<t<Z , —7Z'H(§l) [ia)mn (ij —t } only has an imaginary part. Namely, the real part
¢

c
0 l'\ {,U2 (,U2 i*la)f
e . . z
of .[ is zero. On the other hand, if 7>—, the real part of
o —za)\/a) a) ¢
o ei a}z—w,%m;—[wt
do 1is

2
JO a)mn tz_(iJ (46)

To figure out formula (46), we make use of the asymptotic expression of Bessel Functions.

) zY 2 2 AR
Jol @, 4= — | |= CoS| @, .|t —|— | —— (47)

.t c 4

mn

By the asymptotic expression of Bessel Functions, the amplitude is decreasing along

with the augment of cut-off frequency and time. (Figure 10)
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Figure 10 This is the result that shows the relative vibrating amplitude of first eight order models. From
top to bottom, the order number is (2,2), (1,2), (0,2), (2,1), (1,1), (0,1), (2,0), (1,0) respectively.

Meanwhile, we can know how transient frequency changes.

zZ T
¢ = a)mn tz T T
& 4
o0 _ o, 0, (48)

That is, the transient frequency goes downward with the time lapsing, as Figure 11 shows.
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Figure 11 The blue line represents the (0,1) model and the red one represents the (0,2) model. This is
an only schematic diagram. It is because vibrating frequencies (carrier frequency) of both two models
are reduced by 20 times so that we can grasp vibrating frequency is decreasing within 1.2 seconds.

Up to this point, we have worked out the transient response at the direction of z or
Green Function of the ice hole. To conclude, formula (21) indicating dispersion claims the
propagation velocity of different frequencies and models; formula (35)(36) indicating ice-
hole Green function claims the propagation energy of different frequencies and models.
Both of them lead to the production of laser sound or whistler. Note that undergraduates
are more likely to feel difficult to the detailed derivation of dispersion equation and Green
Function of the ice hole, but lecturers or graduates should keep the process clear in their

minds.



the derivation of dispersion equation (11) at slinky springs

2.4mm

0.84mm I

Figure 12 The vibration of a bar illustrates the laser sound at slinky springs. The right one is one section
of slinky spring drawn by SolidWorks, of which its cross section is a rectangle shape with a length of
2.4mm and width of 0.84mm.

Prof. Morse?® in his Theoretical Acoustics pointed out that transverse vibration of a bar

at low frequency is a fourth linear partial differential equation,

dy_ p &y
o' O o 9

in which O means Young’s modulus and p means density. x means the radius of

gyration. If the cross-sessional shape is a rectangle,

3

in which a is width perpendicular to the centerline. Similarly, we use the method of

separation of variables to absolve the wave equation (49). We set up
y=Y(x)e™ (51)
and substitute (51) into (49)

'y  pw’

' Ok’ ! 2




(53)
po’ |
At this point, we define the wave beam &k = ( O j .
K
y =[d, cosh(kx) +d, sinh(kx) + d, cos(kx) + d, sin(kx)] e (54)

Therefore, we obtain our target dispersion equation,

k4 — pa)z
Ok’

(55)
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