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The effect of the angle qbo between the director no and the velocity vector v of a sound-induced 
oscillatory hydrodynamic flow in a planar capillary on the orientational instability of a 
planar layer of a nematic liquid crystal (NLC) is investigated. The conditions under which striped 
structures of different scale and incommensurate structures appear are determined and 
discussed. The threshold characteristics of the instability are determined and a classification 
criterion for the striped structures is substantiated experimentally. It is shown that besides the 
previously observed structures with period A - d  (Guyon-Pieranski roll instability, 
qbo=900), there exist structures with period A < d .  It is also shown that a generalized theoretical 
model, based on the standard ideas of nematodynamics and employing a system of linearized 
Leslie-Ericksen-Parodi equations, describes completely satisfactorily the threshold characteristics 
of the instability. This confirms the theoretical picture. The mechanism of the transformation 
of the striped structures into incommensurate structures is examined. It is shown that this 
transformation is associated with the interaction of shear and longitudinal oscillations in the 
NLC via the oscillatory Couette and Poiseuille flow fields. 0 1996 American Institute of Physics. 
[SlO63-7761(96)01310-81 

1. INTRODUCTION AND FORMULATION OF THE PROBLEM 

The action of acoustic oscillations on a two- 
dimensionally oriented layer of a nematic liquid crystal 
(NLC) under certain conditions changes the ordering of the 
molecules, the change being manifested in the formation of 
spatially modulated structures of different scales.' At 
present, there exist two approaches for analyzing such struc- 
tures: nonequilibrium hydrodynamics and Leslie-Ericksen 
hydrodynamics.2 The first approach was recently substanti- 
ated in a study of orientational phenomena at ultrasonic fre- 
quencies, for which the thickness d of the NLC layer and the 
wavelengths A ,  of the viscous waves and the wavelengths 
X of the elastic waves satisfy X , ( w ) 4 d 4 ~ ( w ) . ~  The 
mechanism leading to the formation of modulated structures 
induced in oscillatory flows of a nematic liquid by the action 
of sound at frequencies satisfying the condition A,( w )  S d  
has been interpreted on the basis of the second approach.4-7 
However, this effect has been studied thus far only in the 
particular case when the angle between the director no and 
the flow velocity equals 90" and the well-known Guyon- 
Pieranski instability  arise^."^ Very limited data are also 
available about structures formed in planar Couette flow with 
the director oriented parallel to the flow velocity vector v . ~  

In the present paper we study the appearance of modu- 
lated structures in a NLC layer, located between the plates of 
a flat capillary, in an oscillatory Couette flow for arbitrary 
values of the angle qbo between the flow velocity and the 
director. The experimental data on the formation conditions 
and properties of the structures are interpreted on the basis of 
a generalized theoretical model? which was developed using 
the same standard approach as in Refs. 4-7, Leslie-Ericksen 
hydrodynamics. 

This model examines the following physical situation: a 
NLC is located between the planes z=d and z= 0 (Fig. 1); 

the ends of the layer are open; the external action is set by 
the oscillations of one of the planes in the direction of the 
y axis according to the law t y ( t )  = toy sin wt, where t y ( t )  
and toy are, respectively, the displacement and amplitude of 
the displacements and we write w = 2 mf, where f is the fre- 
quency of the oscillations; the velocity profile of the oscilla- 
tory flow induced by these oscillations is V,= V,=O and 
V y = S ( t ) z ,  where S ( t )  is the velocity gradient; the director 
no lies in the plane of the layer and makes an angle qbo with 
the flow direction ( y  axis). 

2. EXPERIMENT 

The experimental NLC-a eutectic mixture of MBBA 
and EBBA-filled a flat capillary formed by glass plates. 
The thickness of the layer was varied in the experiments in 
the range 10-150 pm. The observations of the orientational 
state of the layer were performed in transmitted polarized 
light using the standard schemes.' To produce the initial pla- 
nar orientation of the ensemble of molecules, the inner sur- 
faces of the plates were coated with polyvinyl alcohol and 
then polished in a definite direction. 

Oscillations of one of the plates of the capillary in the 
direction of the y axis in the xy plane were produced by an 
electrodynamic exciter, powered by an acoustic-frequency 
generator whose frequency was varied in the range 1-20 Hz. 
The apparatus made it possible to rotate the capillaries rela- 
tive to the "axis" of the oscillations of the exciter, so that 
the angle between the direction of this axis, the flow velocity 
vector and the director no can be varied from 0 to 90°. The 
amplitude toy of the oscillations of the mobile plate was 
measured by observing under a microscope the displacement 
of a reference line applied on the surface of the plate. 
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FIG. 1. For analyzing the threshold characteristics of the orientationat in- 
stabilitv in NLC. a 4 e o m e t r y  of the problem; the velocity profile of oscil- 
latory planar Couette flow is Vo,= Vo,= 0, V,,=S(t)z, S(r) is the velocity 
gradient; d-thickness of the NLC layer, n and n, are the instantaneous and 
initial positions of the director; el is the angle between the tilted position of 
the director n and the plane of the layer xy; @, = @- @ is the angle 
between the projection of the director n on the xy plane and the y axis; 

is the angle between the flow velocity vector and no. 

3. EXPERIMENTAL RESULTS AND DISCUSSION 

There exists a threshold amplitude e o  ,in of the oscilla- 
tions at which the nematic-liquid flow oscillating along the 
y axis produces a nonuniform distribution of the director that 
is periodic along the x axis and that gives rise to a corre- 
sponding change in the index of refraction for light whose 
polarization vector E is directed along the x axis. The system 
of cylindrical lenses formed in this manner focuses the trans- 
mitted light beam into bright lines oriented parallel to the y 
axis. The typical optical pattern of the distortions which is 
observed in polarized light (E 11 x) is displayed in Fig. 2a 
(rl=60 p m ,  $o= 90°, f = 5 Hz). This is a system of stripes 
oriented parallel to the y axis with period A = 27rlq along 
the x axis. In our experiments A was determined according 
to the position of the illumination maxima in the diffraction 
pattern produced by the optical phase grating;') here, q is the 
wavenumber of the structure which is periodic along the x 
axis. 

A typical plot of the wave number versus the displace- 
ment amplitude is displayed in Fig. 3; here, d=35 p n ~ ,  
t,bo=9o0, f =20 Hz. One can see that near threshold the 
wave number is smaller than above threshold and it becomes 
constant at $Oy = I. 1 fiOy The modulated (striped) struc- 
tures exist for values of toy in the range [ O y , m i n ~ < ? y ~ < O y l ,  
where toy, is the displacement amplitude correspond~ng to a 
transition of the flow of the nematic liquid into an orienta- 
tional turbulence regime.9 

Data on the effect of the angle t+ko on the periodicity of 
the striped structure are presented in Fig. 4. Here, the wave 
numbers q are normalized to the values of go corresponding 
to the distortion pattern with 1)~=90" and d=35 p m .  The 
frequency f of the oscillations is a parameter and assumes 
values of 2,5 ,  15, and 20 Hz (symbols 1-4). As one can see, 
the wave number of the resulting structure depends on the 
angle $o, and as this angle decreases, an instability with 
smaller values of q develops. For the experimental NLC, the 
largest changes in q occur in the range of angles 40"-50". 
The values of qo to which the instantaneous values of (1 are 

FIG. 2. Optical pattern of the distortion of the director field on different 
sections of the layer at and above the instability threshold: a) Striped struc- 
ture at the instability threshold; d =  60 pm,  f = 5 Hz, @,= 90"; b) coexist- 
ence of striped structures with different wave vectors q; d = 6 0  p m ,  f = 2 0  
Hz, @,=9O0; c) incommensurate structures above threshold 
(516, ,i,-1.4); d = 6 0  p m ,  f = 2 0  Hz, dr,=90°. 

normalized equal 2.6, 3, 4, and 4.6 (10' m )  ' for frequencies 
2, 5,  15, and 20 Hz, respectively. 

The characteristics described above are observed in the 
entire experimental frequency range for samples of thickness 
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FIG. 3. Wave number q of the distortion of the director field versus the level 
of the action; d =  35 pm, f =20 Hz, cCr,=90°. 

10-150 pm. The results of these observations are summa- 
rized in Fig. 5. Here, the values of q which are produced in 
35-150 +m thick layers with I), in the range 0-90" for 
oscillation frequencies 6.28-125.6 s- ' (symbols 1-18) are 
displayed together with the data of Ref. 7 (inset) on the pe- 
riodicity of a striped structure under the conditions @,=O 
and d= 10 p m  with oscillation frequencies of 62.8-628 
s-'. The symbols are explained in the caption. The values of 
q  and w  are normalized here to the parameter p = mid. This 
makes it easier to compare the experimental data with the 
plots which follow from the theoretical model,* which in the 
range of values 1)~-+90" predicts an analytic dependence of 
the form q lp  ( w ~ ~ ~ ) " ~ .  Analysis of the experimental val- 
ues of qlp which are presented in Fig. 5 shows that as the 
oscillation frequency of the flow decreases with p =  const, 
the wave number of the structure decreases and passes into 
the range of values q s p ,  the changes being most pro- 
nounced for values of fro close to 90° and less noticeable for 
IC,,<4S0. 

FIG. 4. Effect of the angle on the wave numbers of the distortion for oscil- 
lation frequencies of 2, 5, 15, and 20 Hz (symbols 1-4); d=35 pm; yo is 
the value of the wave number for I/J~= 90" at the indicated frequencies. The 
dashed curve represents the theoretical function q(fi)/q, with 
wlp2=2.8 cm2/s. 

Let us now examine the main phenomena that character- 
ize the magnitude of the action at the threshold of instability. 
The family of curves in Fig. 6 illustrates the effect of the 
angle $, on the threshold gradient for NLC layers 30, 60, 
and 90 p m  thick, respectively, at frequency f = 2 Hz. It fol- 
lows from these data that as the angle IC,, changes, the largest 
changes in the threshold gradient occur in thin NLC layers. 
The experimental data presented in Fig. 7 show that an in- 
stability whose threshold gradient exhibits the following fea- 
tures develops in the experimental frequency range: It in- 
creases linearly with the oscillation frequency and decreases 
as I), increases. Here, the symbols 1-7 show the values of 
So ,, for 30-90 p m  thick layers and the following values of 

FIG. 5. Comparison of the experimental and theoretical thresh- 
old characteristics. a) q versus frequency for fio=9o0, 
67.S0, 45", and 8.6O (theoretical curves 1'-4'); experimental 
data for ~o and d: 1-90", d=30 pm, 2-90'. 35 pm, 
3-90", 50 pm, 4-90". 80 pm, 5-80'. 10 pm, 6 7 0 " .  35 
pm, 7-70", 150 pm, &60°, 35 pm, 9-57", 150 pm, I&- 
50". 35 pm, 11-45", 150 pm, 12-40". 35 pm, 13-30". 35 
pm, 14-22.S0, 150 pm, 15-20'. 35 pm, 16-1 1.2", 150 pm, 
17--0°, 150 pm, 18--0°, 35 pm. Inset-data from Ref. 7. 
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FIG. 6 .  Relation between the threshold gradient So,, and the angle #, for 
30, 60, and 90 p m  thick NLC samples (symbols 1-3). f =2 Hz. 

the angle Go: 90" (1 ) -  70" (2 and 3), 50" (4 and 5) ,  35" (6), 
and 10" (7). 

We now compare the experimental data on the behavior 
of the threshold characteristics with the theoretical model. 
The linearized system of equations, presented in Ref. 8 , for 
the deflection angles 0, and r+bo of the director and the flow 
velocities V ,  , V , ,  and V ,  describes in the present physical 
situation all characteristic features of the NLC for which the 
Leslie viscosity coefficients al , a 3 ,  and a6 are small com- 
pared with the coefficients a2 and a4. Analysis of this sys- 

tem for the existence of periodic undamped solutions O1(t) 
and (t)  leads to the following c~ndit ion:~ 

where a , ,  a 2 ,  b l ,  b 2 ,  c , ,  and c2 are coefficients which 
depend on $o , a i ,  Ki , p ,  and q  (Ki are the Frank elastic 
constants). The corresponding expressions for them, which 
are not presented here because of their complexity, can be 
found in Ref. 8. The values of $o and w for which this 
analysis is correct are determined by the following inequali- 
ties: 

The threshold characteristics So and q  of the instability 
are found the same way by minimizing the functional depen- 
dence So(q ) .  The results are displayed in graphical form in 
Figs. 5 and 7. These are plots of the wave number q  of the 
striped structure at S o = S o  ,in and the threshold gradient 
So versus the oscillation frequency in the range 

lo2 s-' for I,b0=900, 67.5", 45", and 8.6" (plots 
1'-4'). The values of q l p  in Fig. 5 refer to layers 30-150 
p m  thick, and the thresholds So ,in in Fig. 7 correspond to 
d= 30 and 100 p m  (solid and dashed lines). It follows from 
the plots 1'-4' presented in Fig. 5 that, depending on the 
values of the angle Go, different instability modes can ap- 
pear in an oscillatory plane Couette flow: a) Guyon- 
Pieranski instability with a wave vector q that depends on 
the oscillation frequency of the flow and on the thickness of 

FIG. 7. Threshold gradient versus frequency for l(r,=90°, 
67.5'. 45". and 8.6O (theoretical curves 1'-4') for 90 and 30 
p m  thick samples (solid and dashed lines); experimental values of 
So ,,,: 1-#0=900, d=90  pm; 2-70°, 90 pm; 3-70", 30 
pm; 4-50°, 30 pm; 5-SO0, 90 pm; 6-35O, 30 pm; 7-10', 
30 pm.  Inset: +k0=O0, d =  10 pm.  
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the layer and b) an instability whose wave vector is deter- 
mined by the thickness of the layer. For values of t,b0 in the 
range 90"-67.5" the form of the function q(w) does not 
change as the angle changes, i.e., the instability is seemingly 
not affected by the angle, and the values of q grow without 
bound as w increases (plots I ' and 2'). For (Cro= 46" and 
8.6" (plots 3' and 4') an instability mode with smaller wave 
numbers develops. Its characteristic feature is that as w in- 
creases, the wave number q approaches a finite limit that 
depends on t,b0. According to the theory of Ref. 8, the critical 
angle separating the regions where different instability 
modes exist depends only on the viscosity coefficients of the 
NLC and equals 

For MBBA at 23 "C fioCr= 44.2". The experimental results 
presented in Fig. 5 confirm the following results of the 
theory: For the striped structure arising under the conditions 
$o> cjlocr ($o= 90°, symbols 1-4; rj/,= 80°, symbols 5) the 
values of q cluster near the theoretical curve I ' ,  which rep- 
resents the function q(d,w, $) for $o=900; the changes in 
the values of q for structures formed in the range of angles 
70"-57" (symbols 6-9) agree with the curve 2' correspond- 
ing to the angle $o=67.50; the wave numbers of the struc- 
tures arising in the situations $o-$ocr and t,bOG3o0 (sym- 
bols 10-12 and 13-18) lie near the theoretical curves 3' and 
4', which correspond to t,b0= 45" and 8.6". 

The theoretically predicted changes in the threshold gra- 
dient of the instability in the range of values of d, w, and 
$o studied also agree with the experimental data (Fig. 7). 
The values of So for structures arising in the range of 
angles $o> fiOcr ($o= 90°, d= 90 pm, symbols I; 
go= 70°, d = 90 p m  and d =  30 pm, symbols 2 and 3) clus- 
ter near the curves I '  and 2', which illustrate the form of the 
function So for cjr0=900 and 67.5". The symbols 4 
($o=500, d=30 pm), 5 (f,bo=500, d=90 ,urn), and 6 
(Go= 3S0,d = 30 pm) represent the thresholds at angles 
close to the critical angle: The corresponding points lie on 
the curve 3' corresponding to the case $o= 45". The values 
of So for the modulated structure arising at $o = 10" 
(symbols 7, d=30 pm) are close to the theoretical curve 4' 
($o= 8.6"). 

It follows from the condition (2) that for a NLC of the 
type MBBA in the region [O, 90°] angles fiO<6.3" are not 
studied (at temperature 21 "C). For this reason, theoretical 
plots representing the threshold characteristics of the insta- 
bility that develops in the case when the vectors no and V are 
parallel to one another (1)~=0) are not displayed in Figs. 5 
and 7. As we have already mentioned, this situation was 
studied in Ref. 7 for a 10 p m  thick layer at frequencies in the 
range 20- 100 Hz. These data on the frequency dependences 
of the parameter B a ( q l ~ ) ~  and the threshold So ,in at a 
temperature of 19 "C for the liquid crystal ZLI-518 are dis- 
played in the insets in Figs. 5 and 7. These results agree 
qualitatively with the theoretical instability threshold charac- 
teristics for MBBA, which are represented by the plots 4' 
(f,bo= 8.6"). 

Comparing with the theoretical results (see the dashed 
line in Fig. 4; this line corresponds to the ratio 

wlp2= 2.8. cm2/s) the experimental data on the angular 
dependence of the wave numbers obtained for a striped 
structure (q/qo) in the frequency range 2-20 Hz with a con- 
stant layer thickness (d=35 pm) reveals the following 
anomalies: The experimental values of qlqo are shifted in 
the direction of lower values of fro, and as Gocr is ap- 
proached they decrease more slowly than predicted by the 
theory. 

We now discuss the possible reasons for this anomaly. In 
the experimental arrangement the moving plate in the oscil- 
latory system (bearing plate-NLC layer--cover plate) can 
undergo "parasitic" piston oscillations of the form 

in the direction of the z axis. At low frequencies these oscil- 
lations give rise to a circular periodic flow of an incompress- 
ible nematic liquid with velocity 

in the direction of the open ends of the layer. Here, r is the 
radius vector, q is the phase shift between the piston and 
shear (main) oscillations, and tO2= PtOy is the amplitude of 
the piston oscillations. Under the comb~ned action of shear 
(main) and piston (parasitic) oscillations on the NLC a non- 
uniform oscillatory flow-the result of the superposition of 
Couette and Poiseuille flow-with a velocity distribution dif- 
ferent from that in a planar Couette flow is established in the 
layer. The following effects can be expected to appear in this 
situation: 

a) The distinguished direction of the relative orientation 
of the vectors n and V, "vanishes" and the angle Go can 
take on a number of possible values (right up to 90"). This 
leads to the appearance of structures with larger wave num- 
bers on separate sections of the layer than the wave numbers 
that follow from the values of $o, d ,  and w prescribed in the 
experiment in the case of planar Couette flow; V,(y, z ,  t) is 
the velocity vector of the nonuniform total flow. 

b) The orientation of the wave vector q changes: It can 
tilt away from the x axis and assume a position determined 
by the direction of the nonuniform flow for the given values 
of w and d. The photomicrograph displayed in Fig. 2b illus- 
trates this effect. 

It is obvious that under the influence of these factors the 
true value of the angle $o under real conditions will differ 
from the initially prescribed arrangement of the vectors no 
and Voy , and it will be largely determined by the position of 
the observation zone in the xy plane. In the light of what has 
been said above, the shift, observed experimentally at a num- 
ber of frequencies, of the plots of the function q(cjro)lqo in 
the direction of lower values of $o is completely natural 
(Fig. 6). As shown in Ref. 10, for an oscillatory system of 
the type considered here the coefficient P= tOz Itox charac- 
terizing the importance of the parasitic component depends 
on w and d, and it can vary from 0.001 to 0.9 in the fre- 
quency range 1 - lo4 Hz. Therefore, in the situation under 
discussion, the effect of parasitic piston oscillations will be 
appreciable only at some frequencies. This effect can also 
exhibit a definite selectivity with respect to the position of 
the observation zone in the plane of the layer, since the flow 
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velocity depends on the coordinate r and assumes its largest 
value at the ends of the layer (see Eq. (4)). Indeed, the ob- 
servations showed that near the ends of the layer, at some 
frequencies, even with a very small excess above the thresh- 
old displacement toy the striped one-dimensional struc- 
ture transforms into a two-dimensional structure, and once 
again a one-dimensional structure exists in the zones adja- 
cent to the center of the flow. The photomicrograph in Fig. 
2c shows the pattern of the distortion in the zone near the 
edges of the layer for toy equal to, correspondingly, 
1 .4t0y,,in, i.e., above threshold; here, d = 60 p m ,  f = 3 Hz, 
and fro= 7r12. These incommensurate structures (system of 
dashes) are the result of an additional spatial modulation 
appearing in the initial striped structure when the amplitude 
of the parasitic oscillations reaches appreciable values, which 
apparently happens only above threshold. To check this sup- 
position, we performed an experiment in which the addi- 
tional exciter (of the piston oscillations) produced a periodic 
compression of the layer at the frequency of the main (shear) 
oscillations; this induced an oscillatory, circular Poiseuille 
flow. The conditions of this experiment were as follows: 
d= 15-60 p m ,  f = 4 -  15 Hz, and/3=0.01-0.1. The obser- 
vations showed that if the frequency of the main exciter 
equals the frequency of the secondary exciter, then incom- 
mensurate structures similar to those displayed in Fig. 2c 
appear for any of the above values of /?; this is a direct 
confirmation of the hypothesis. 

4. CONCLUSIONS 

As a result of the study of the instability of the planar 
structure of a NLC under acoustic-hydrodynamic action for 
arbitrary angles between the velocity vector V of the oscil- 
latory hydrodynamic flow and the director no, incommensu- 
rate structures and different types of striped structures were 
observed. 

It follows from the analysis presented above that it is 
convenient to classify the characteristics of the striped struc- 
tures with the aid of the ratio GO I I , + ~ ~ ~  : For $ol cC,Ocr< 1, 
there exists a range of frequencies where the period A of the 
structure does not depend on the oscillation frequency of the 
flow and is determined by the thickness of the NLC layer; if 
ICI, I ICI,cr2 I ,  then the period of the structure depends on the 
frequency and can be much smaller than the thickness d of 
the layer (these relations correspond to the classical behavior 
of the Guyon-Pieranski roll instability4 observed in the par- 
ticular case *o / *ocr- 2 ($o = 90"); the threshold gradient 
So for arbitrary values of +o/$oc, depends on the fre- 
quency and increases linearly with w .  The threshold charac- 
teristics So and A for the striped structure are described 
satisfactorily by a generalized theoretical model8 based on 
the standard Leslie-Ericksen-Parodi hydrodynamics. This 
shows that this approach can be used to describe the orien- 
tational phenomena initiated by acoustic-hydrodynamic ac- 
tion for arbitrary relative orientation of the vectors no and 
V and oscillation frequencies satisfying the condition (2). 

It also follows from what we have said above that the 
superposition of Couette and Poiseuille flows strongly affects 
the distortion of the director field no. At the stability thresh- 
old this influence is manifested as an anomalous displace- 

ment of the plots of the functions q(a,b0)lqo corresponding to 
some frequencies, and above threshold it results in the for- 
mation of incommensurate structures. It is interesting to note 
that the behavior of the striped structure above threshold was 
analyzed in Ref. 11 in application to the effect of an electric 
field (flexoelectric effect). In this case the mechanism by 
which the period of the flexostructure decreases as the field 
increases is dislocation production. 

In the situation discussed here, the incommensurate 
structures are the result of a spatial modulation of the initial 
striped structure. The observations showed that at the initial 
stage of these transformations individual stripes are ruptured, 
so that the strips are seemingly separated into narrow zones 
by quite regular line segments of length (1 - 10)A; then, the 
relative arrangement of these zones changes in a disordered 
manner, i.e., line segments seem to move and bend ran- 
domly; after 2-3 s the initial ruptures vanish, but new rup- 
tures appear in other stripes and the transition from regular 
stripes to stripes separated into zones is repeated. Ultimately, 
a balance, where the annihilation of some defects is accom- 
panied by the appearance of other defects, is established in 
the NLC system, and in some regions of the layer the above- 
described transition leads to the formation of stripes in which 
the lines of rupture are separated by equal distances from one 
another and are arranged in a direction perpendicular to the 
flow velocity. As the oscillation amplitude increases, these 
regions grow and merge, so that ultimately the characteristic 
incommensurate structure shown in Fig. 2c is formed 
throughout the entire layer. The analysis of the defects ap- 
pearing in a striped structure above threshold and their dy- 
namics falls outside the scope of our work. This aspect of the 
problem was considered at the present stage of the investi- 
gations only in connection with the discussion of the hypoth- 
esis advanced as possible reasons for the transformation of 
the striped structures that are characteristic for Couette flow. 

In closing, it should be noted that the investigations per- 
formed not only revealed new physical aspects in the classi- 
cal problem of the instability of a NLC in oscillatory hydro- 
dynamic flow, but they also made it possible to determine the 
combination of parameters d, w ,  and for which regular 
striped structures can be used as acoustically controlled 
phase gratings. 
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 he striped structure consists of a grating with periodic variation of the 
index of refraction. For this reason, when light with wavelength A, and 
polarization vector E 11 n, passes through it, a diffraction pattern with a 
distribution of maxima and minima along a line parallel to the .r axis 
appears on the screen. 
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