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The 1%t Gulf Physics Olympiad — Theoretical Competition
Riyadh, Saudi Arabia — Monday, March 21 2016

The examination lasts for 5 hours. There are 3 problems
worth in total 30 points. Please note that the point
values of the three theoretical problems are not

equal.

You must not open the envelope with the prob-
lems before the signal of the beginning of compet-

ition.

You are not allowed to leave your working place
without permission. If you need any assistance
(broken calculator, need to visit a restroom, etc), please

raise your hand until an organizer arrives.
Use only the front side of the sheets of paper.

For each problem, there are dedicated Solution Sheets
(see header for the number and pictogram). Write your
solutions onto the appropriate Solution Sheets. For each
Problem, the Solution Sheets are numbered; use the
sheets according to the enumeration. Always mark
which Problem Part and Question you are deal-

ing with. Copy the final answers into the appropriate

boxes of the Answer Sheets. There are also Draft pa-
pers; use these for writing things which you don’t want
to be graded. If you have written something that you
don’t want to be graded onto the Solution Sheets (such

as initial and incorrect solutions), cross these out.

If you need more paper for a certain problem, please raise
your hand and tell an organizer the problem number; you
are given two Solution sheets (you can do this more than

once).

You should use as little text as possible: try to
explain your solution mainly with equations, numbers,
symbols and diagrams. Though in some places textual

explanation may be unavoidable.

After the signal signifying the end of examination
you must stop writing immediately. Put all the pa-
pers into the envelope at your desk. You are not al-
lowed to take any sheet of paper out of the room.
If you have finished solving before the final sound signal,

please raise your hand.
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Problem T1. Stabilizing unstable states
(11 points)
Part A. Stabilization via feedback (3.5 points)

Let us study, how an initially unstable equi-
librium position can be stabilized. First we
consider a reversed pendulum: a thin long
rod of homogeneous mass distribution and
length [ is fixed at its lowest point to a hinge
so that it can freely rotate around the hinge.
We describe the position of the rod via the
angle ¢ between the rod and a vertical line.

We shall assume that ¢ < 1 (¢ is much

&

i. (1.5 pts) Express the angular acceleration of the rod ¢

smaller than 1). The free fall acceleration
g=9.8m/s?.

in terms of ¢, and the parameters [ and g. Show that the
inclination angle ¢ as a function of time ¢ is expressed as
©(t) = Ae!/T + Be!/7, where A and B are constants which
depend on the initial position and initial angular speed of the
rod, and T is a characteristic time. Express 7 in terms of [ and
g. (You may use dimensional analysis, but then you’ll lose 0.5
pts.) Hint: for a rod of length [ and mass m, the moment of
inertia with respect to its endpoint is 1mi?.

ii. (0.5 pts) Now, a boy tries to keep a long thin rod standing
vertically on his palm. For instance, as soon as the rod starts
falling leftwards, he moves his palm to an even greater distance
leftwards so that the rod’s centre of gravity would be positioned
rightwards from the rod’s support point. Then, the torque of
the gravity force would rotate the rod rightwards, decreasing
the previously observed leftwards angular speed. Estimate, for
which rod lengths the boy can keep the rod vertically if his
reaction time is estimated as 7. = 0.2s. (The reaction time is
the time lag between the command sent by brain to hands, and

the corresponding motion of the hands.)

iii. (0.5 pts) Humans and birds keep their standing position
similarly and move the support centre (the point at the bottom
of their feet where the total normal force is applied), e.g. by
adjusting the angle between a leg and the foot, so as to oppose
the falling motion of the upper part of their body. A small bird
of length I, = 6cm can stand on its feet; estimate the upper
bound for its reaction time.

iv. (1 pt) Equilibrium on a bike is also kept by displacing
the support centre which lies on the line connecting the wheel-
ground contact points; that line can be conveniently displaced
by turning the handlebar while driving forth. Estimate the
minimal driving speed v,, of a bicyclist by which the equilib-

rium can be maintained in such a way. Assume that for the
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bicyclist, the characteristic falling time is the same as for a
rod of length I = 2m; the distance between the centres of the
wheels d = 1m.

Part B. Tightrope walker (3.5 points)

A tightrope walker cannot move the support point in the dir-
ection perpendicular to the rope. His equilibrium is kept by
displacing the centre of gravity, instead. Let us make a simple
model of a man balancing on a rope.
Lower half of the body is modelled
by a point mass m at height H,
and the upper half of the body
— by an equal point mass m at
the height 1.4H. The mutual pos-
ition of these point masses can be
changed by bowing right or left;
for the sake of simplicity, let us
assume that the distance of the
point masses from the rope will re-
main unchanged, i.e. these behave
as if being fixed to the endpoints
of two thin rods of lengths H and
1.4H respectively, see figure. Let

the rods form angles a; and s

with the vertical line (positive angles correspond to clock-wise
rotation), so that the angle between the rods is 8 = a1 —as. A
tightrope walker can control the value of the angle 8 by bowing.
i. (1 pt) Let us assume that initially, the tightrope walker
was standing in an almost perfect equilibrium (a7 = as = 0).
Due to instability of this equilibrium, he starts slowly falling
clock-wise, which he notices at t = ty when oy = as = ag > 0.
He bows rapidly to stop falling: assume that the angle 5 takes
almost instantaneously a new value ;. Express the new
values of the angles oy and as in terms of 8 and «y.

ii. (0.5 pts) So, the tightrope walker is now bowing and keeps
this body shape (8 = §y) for the time period T}, upon which he
straightens himself almost instantaneously and makes thereby
£ = 0. His aim is to resume the motionless standing position
with a; = ag = 0. Should he have bowed clock-wise (89 > 0)
or counter-clock-wise? Motivate your answer.

iii. (1 pt) From now on, we assume that ap < [Sy. Imme-
diately after he has straightened himself, neither his angular
speed &1 = do nor angle a; are zero: zero values will be
achived much later. Which value (expressed in terms of H
and g¢) should the ratio &;/a; take at that moment?

iv. (1 pt) Express the required duration T} in terms of ag, So,
H, and g assuming that ay < fg.
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Part C. Kapitza’'s pendulum (4 points)
In 1908 Andrew Stephenson found that the upper position of
a pendulum can be stable, if its suspension point oscillates
with a high frequency. The explanation of this phenomenon
was provided in 1951 by Russian physicist Pyotr Kapitza. In
what follows we’ll find the stability criterion of such a pendu-
lum. Apart from being just a nice toy, the Kapitza’s pendulum
demonstrates the method of separating fast and slow processes
which plays an important role in physics. High frequency os-
cillations can drive a slow motion in various systems, e.g. high
frequency electric fields act on charges with an effective average
force known as the ponderomotive force.

We consider a pendulum of length [, similar ‘
to that of Part-A-Question-i, but now the

rod is massless, with a point mass at its end, N

\

é&

and the suspension point oscillates vertically
(see the figure). Let the velocity v of the
suspension point depend on time ¢ as shown
in the graph below (v > 0 corresponds to
upward motion); the oscillations’ half-period
T < l/vg. We also assume that vo/T > g
so that for questions i-ii you may ignore the

free fall acceleration. In order to simplify calculations, you’ll

\ @D /&
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pension point (keep in mind: reference frame’s acceleration @

gives rise to an inertial force —Md acting on a body of mass

Av
U
A g
" \

T 2T 3T AT

i. (1.5 pts) Suppose that at t = T'/2, the pendulum was mo-
tionless and inclined by a small angle ¢¢. Sketch the graph of
the inclination angle ¢ as a function of time, and determine
the angular displacement of the pendulum A¢p for the moment
t="T,1ie. Ap = @(T)— o(T/2). You may assume in your
calculations that Ap < g (this is valid because T' < /vy).
ii. (1.5 pts) Since we still neglect gravity, only inertial force
exerts a torque on the pendulum. Determine the average value
of this torque (with respect to the suspension point, averaged
over the full period 2T).

iii. (1 pt) Now, let us take into account that there is also the
gravity field of the Earth. Determine, which inequality must be
satisfied for g, T', [ and v in order to ensure the stability of the

vertical position of such a pendulum (some of these parameters

need to study this process in the frame of reference of the sus- may not be needed for your inequality).
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Problem T2. Gravitational waves (10 points)
Part A. Dipole radiation (2.4 points)
Static electric and gravity fields are described by identical set of
equations — as long as we are far from black holes. However,
if we add terms describing time variations of the fields, the
equations become different. Therefore, expressions for electro-
magnetic waves cannot be directly carried over to gravitational
waves. Still, for expressions given below, the difference will be
only in the value of numerical prefactors.

Charges moving with acceleration lose kinetic energy by ra-
diating electromagnetic waves; this radiation is known as the
dipole radiation. The total radiation power is expressed as

.9

=

d

Peyy=——=
’ 6mepcd’

(1)

where cf is the second time derivative of the dipole moment, ¢
is the speed of light, and £y — vacuum permittivity. Dipole
moment for a system of charges ¢; is defined as d = > Titi,
where 7; is vector pointing from the origin to the position of
i-th charge. For harmonically oscillating dipoles, the radiated
wave frequency equals to the frequency of oscillations.

i. (1.4 pts) Counsider an electron of charge —e and mass m, cir-
culating around an atomic nucleus of charge +Ze at distance r;
neglect quantum mechanical effects. Express the total radiated
power, and the wavelength A of the radiated waves in terms of
e, Z, m, r, and physical constants.

ii. (1 pt) Let us try to carry over Eq. (1) to gravitational

waves; then, the total radiation power P,q would be propor-

~»2 —
tional to d, , where d4 is the gravitational dipole moment,

and two dots denote the second time-derivative. Analogously
to the electrical dipole, gravitational dipole moment for a sys-
tem of point masses m; is defined as d_; = >, Tim;. Show that
always Pyq = 0.

Part B. Quadrupole radiation (7.6 points)

Let us consider a binary star consisting of two stars of equal
mass M which rotate around a circular orbit of radius R with
angular speed w.

i. (1 pt) Express w in terms of M, R, and constants.

ii. (0.8 pts) While there is no gravitational dipole radiation,
there is a quadrupole one. In analogy with the dipole radi-
ation, it should be proportional to squared time-derivatives of
the quadrupole moment. For this problem, it is enough to know
that for our binary star, the gravitational quadrupole moment
components are of the order of MR?. So, we expect the total
radiation power to have a form P,, = AM?R*, where the factor
A may depend on w and physical constants (here w is an inde-
pendent parameter, though for a binary star it depends on M

and R). Find expression for Py, using dimensional analysis.

AR
AN
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iii. (0.8 pts) The effect of gravitational waves is measured by
strain h = Al/l; here [ is a distance between two points in
space, and Al is the change of that distance due to the wave.
As usual for waves, the energy flux density S (radiation energy
per unit time and unit area) is proportional to the squared wave
amplitude: S = KhZ (ho denotes the wave amplitude). Based
on dimensional arguments, express the factor K in terms of
constants and the angular frequency of the wave w.

iv. (1 pt) The dipole radiation is distributed over propagation
directions anisotropically, but let us ignore this: for the sake of
simplicity, assume isotropic radiation. Express the amplitude
ho of gravitational waves at distance L in terms of M, R, and
physical constants.

The energy of the binary star decreases in time due to the
emission of gravitational waves. So, the distance R between the
two stars decreases. This process will continue until the stars
collide and merge (R becomes of the order of the radius of a
star). In LIGO experiment (reported on 11th February 2016),
gravitational waves emitted right before a merger of two black
holes were observed. For the radius of a black hole, we’ll use
the Schwarzschild radius R, which is defined as such a critical
distance from a point mass M that light cannot escape due to
gravitational pull from distances r < Rs. To derive properly
an expression for R, theory of general relativity is needed.

v. (1 pt) Express R in terms of M and physical constants.
Use the following fact: if we neglect general relativity and use
special relativity together with Newtonian gravitation law, we
obtain a result which is exactly half of the correct one.

vi. (1.5 pts) In LIGO experiment, using a 4-km-long laser
interferometer, the strain h (see question iii) was measured as
a function of time; the result is given in the graph below. Us-
ing this graph and assuming that the masses of the two black

holes were equal, estimate the mass of each of them numer-

ically. Gravitational constant G = 6.67 x 10~ m3s—2kg~1;
c=3.00 x 108m/s.
T T
~1.0F i
3
o 05 .
—
— 0.0 W
<
C
T -0.5F -
A — observatory 1
?-1.0 A observatory 2 ]
— theoretical prediction | |
0.30 0.35 0.40 0.45
Time (s)

vii. (1.5 pts) Using the same data as for question vi, estimate
the distance to these black holes.
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Problem T3. Magnetars (9 points)
Magnetic fields are everywhere around us.
Earth’s magnetic field: 25 — 60 uT; at

Sunspots: 0.3 T; strong permanent magnets: around 17T; con-

Some typical mag-

netic B-field values:

tinuously maintained magnetic fields in laboratory: up to 45 T;

neutron stars and magnetars: up to 10* T. In what follows we

© Lijnis Nelemans

study few aspects of strong magnetic fields.
Magnetic  field  energy  density
w = B?5-, where g & 1.3 x 1070 N/A?
is the vacuum permeability, and @ — the
relative permeability of the medium. Sys-
tem tries to move towards a lower energy
state and so ferromagnetic materials with
1> 1 are pulled towards regions with strong magnetic fields,
For

diamagnetic materials, the magnetic suspectibility x = p — 1

and diamagnetic materials with 4 < 1 are pushed out.

is small, |x| < 1, and so the effect is small unless the field
is strong. Water is a diamagnetic with x = —9 x 107% and
animals are mostly made of water. So, a frog can levitate in a
magnetic field if the field is strong enough, see the photo.

i. (1.5 pts) Let the frog height hy B2
be not more than hg = 10 mm, and 32
let us assume simplifyingly that the
squared magnetic field depends lin-
early on height z, see figure. Find z
ho

Teslas) is needed to keep this frog in levitation. Assume that

how strong magnetic field By (in 070

the frog is made entirely of water (density p = 1000kg/m?);

free fall acceleration g = 9.8 m/s?. Hint: for |x| < 1, we can

write w ~ B? 12u ; hence, the energy density associated with
the presence of water is Aw = B21-x _ p2 L — _p2 X
2p0 2p0 2p0
Stars are made of a plasma which is before
. collapse
a good electrical conductor. Because of

that, magnetic field lines behave as if be-
ing “frozen” into the moving plasma (this

follows from the Faraday’s induction law

after

and Kirchoff’s voltage law: due to the ab- collapse

sence of electrical resistance, the voltage drop along a closed
fictitious contour inside the plasma must be zero, hence the
magnetic flux cannot change). If a star were to collapse into
a neutron star, this effect would lead to an instantaneous in-
crease of the magnetic field, see the sketch of the magnetic
field lines before and after the collapse (recall that magnetic
field strength is proportional to the density of field lines).

ii. (1 pt) Assuming that the polar magnetic field of a star
is By
what would be its polar magnetic field strength B, after its

= 100uT and its average density ps = 1400kg/m3,

collapse into a neutron star due to the compression of mag-

b o
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netic field lines as depicted above? The neutron star density
pn =5 x 1017 kg/m?3.

iii. (1 pt) In reality, magnetic fields of neutron stars are gen-

erated differently. Let us consider a very simplified model. In-
terior part of the star has collapsed to a neutron star’s size and
density, but the exterior parts remains of the same size. As-
sume that before the collapse, the star was rotating as a solid
body with angular speed ws. Express the new angular speed
of the interior part of the star w,, in terms of ws, ps and p,,.

iv. (1.5 pts) Rotation speeds of the inner- and outer parts are

different, hence the field lines will be stretched, see figure.

outer g
o,

For the sake of simplicity: (a) we use 2-dimensional geometry,
i.e. consider stars as being cylindrical; (b) while the initial field
was a dipole field, we assume that it was cylindrically symmet-
ric as shown in figure; (c) endpoints of field lines are attached
to the inner cylinder (the neutron star) and to the outer cyl-
indrical shell (the remnant of the original star). Let the initial
magnetic field at the outer shell be By. Express the magnetic
field B as a function of time ¢ in the region where field lines
are being stretched for ¢ > 1/w,, in terms of By and wy,.

v. (1 pt) So, the energy is converted during the star collapse as
follows: gravitational energy is converted into kinetic one (let
us neglect thermal energy), which is later on converted into
the magnetic one. Based on this scenario, estimate the max-
imal strength of the magnetic field Byax for a neutron star of
mass M, = 4 x 10°0kg and radius R,, = 13km. Recall that
G =6.67 x 107" m3s~2kg 1.

vi. (1 pt) Very strong magnetic fields affect chemical proper-
This

happens when the Lorenz force acting on an orbital electron be-

ties of matter by changing the shape of electron orbits.

comes stronger than the Coulomb force due to the atomic nuc-
leus. Estimate the strength of the magnetic field By needed
to distort the electron orbit of an hydrogen atom which has
radius Ry = 5x 10" m. Note that ﬁ = 9x10°m/F,
e =1.6 x 1072 C, and electron mass m, = 9.1 x 103! kg.

vii. (2 pts) In very strong magnetic fields, atomic electron
clouds take cylindrical shape. Estimate the length-to-diameter
ratio k = [/d of such electron clouds for hydrogen atoms near
a neutron star, in magnetic field B,, = 103 T. Note that the
Planck’s constant h = 6.6 x 10734 J-s. Hint: the radius of the
cyclotron orbit for an electron in quantum-mechanical ground

state can be estimated using uncertainty principle.

— page 5 of 5 —



PROBLEM 1

LAcH Jgul cns 2Ujall ssok
AU Jgu) cupoll d uill U5

Problem TI1.
points)

Part A. Stabilization via feedback (3.5 points)
i. (1.5 pts) The moment of inertia of the rod is
I— ml

SO that the Newton’s 2nd law is written as

Stabilizing unstable states (11

. The torque is mg%£- 2 (0.4 pts)

. pl
I = _—
39
5= 2. 1
p=57¢ (1)

(0.4 pts)
If we take = Ae* + Be~+, then
p=2Aer+ Bemr =25, (0.3 pts)
Substituting this into the equation of motion (1) we get
p _ 3 9,
2" 21%
21
=22
39

(0.4 pts)
This means that ¢ = Ae* + Be™+ is the solution for the equa-
tion of motion.
ii. (0.5 pts) The boy has to react before the rod falls over the

angle

us

5+ Boy notices that the rod is falling, and tries to react.
If the rod falls faster than his reaction time, he cannot keep it
in balance. In the expression ¢ = Ae* + Be™+ | the dominat-
ing term is the first one (the second one decays in time), so we
can put ¢ = Ae+ , where A is the angle at ¢ = 0. Hence, the
falling time ¢t = 71n(7/2A) depends on the initial angle A, but
logarithmic dependence is very slow — the logarithm remains
always of the order of unity. So we can estimate the falling time

just as the characteristic time of the rod. This means that
21,
-
T 3 g

l 772379
" 2

(0.3 pts)

=0.59m

(0.2 pts)

iii. (0.5 pts) The bird won’t be able to rebalance itself when

it has fallen over 7. Similarly to the previous question, we can

say that the bird’s reaction time must be equal to the charac-

teristic time 7. (0.3 pts)
Ty R \/?)’»lgb 0.065s

Then we get

(0.2 pts)

— page
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iv. (1 pt) The cyclist is able to balance himself by turning
the handlebar so that the line connecting the wheels will move
to the desire direction. For that line to move, the bike must
move forward to a distance which is of the order of inter-wheel
separation. So we can require v, T & d, where 7 is bike’s char-
(0.5 pts)

Note that with this equation we neglect the cyclists’ reaction

acteristic falling time.

time (which makes balancing more difficult) but on the other
hand the line connecting the wheels moves slightly already at
a twice smaller forward-displacement of the bike (which makes
balancing easier). Anyway, we are only making an estimate, so

a mistake by a factor of 2 is perfectly OK.

Then we get

d=v,T = Uy 2L

39
(0.2 pts)

/39
= —= =2
U =d 5T 7m/s

(0.3 pts)

Part B. Tightrope walker (3.5 points)
i. (1 pt) From the conservation of angular momentum

dao
dt

dOLl

H2
dt

m(1.4H)? = Const.

(0.3 pts)

Partial credit 0.2 pts if the conservation is mentioned without

da1

dt
are very large, much large than that constant at the right-

writing equation. This process is instantaneous, i.e. and

dOél
dt

hand-side (which is defined by the initial falling speed), hence
we can put Const= 0.

(0.2 pts)
This simplifies into

1.96A0¢1 == 7AO£2 (2)
(0.1 pts)
We also have

B =01 —ay= (Oéo + Aal) - (Oéo + AO&Q) = Aoy — Aay (3)
(0.2 pts)

Solving the equations (1) and (2) we get

B
@ =0t 506

1.96 (0.1 pts)

a2 = a0 =~ 5957
(0.1 pts)

ii. (0.5 pts) In order to be able to straighten himself, the

walker’s centre of mass has to move leftwards, by a negative

1lof 7—
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angle. (0.1 pts)
By changing the upper body’s angle by Acqy, the lower
~1.96Aq;.

body’s angle will change by Aas The centre

of mass will then move by
1.4HAay + HAas = 1.4HAay — 1.96 HAay = —0.56 H Ay

(0.3 pts)

Because the centre of mass will have to move by a negative
angle, Aa; needs to be positive, which means that the walker

has to bow clockwise. (0.1 pts)

iii. (1 pt) We can write the equation of motion
2,960 H = 2.4g0y

Similarly to the question i. in part A, the solution for this dif-
ferential equation is ay (t) = Ae* + Be™ 7, where 7 = , /%%.
(0.2 pts)

Because the time it takes to get to the vertical position is

infinite, the component Aer mneeds to be 0, meaning that

o1 (t) = Be 7. (0.3 pts)
By taking time derivative, we obtain
a1 =—1Be 7. (0.3 pts)

For the instance when the boy straightened himself, ¢ = 0, the
equations take form oy = B and &; = —g. So, ¢ = —41,

which can be rewritten as

a 1

1__j249
aq T 296 H

(0.2 pts)
iv. (1 pt) After the walker has straightened himself, the angle
which he is at is still ag, because during stage where he is bow-
ing, the torque is much larger than when he is straightened,
meaning that the change in angular speed is much larger than
(0.1 pts)

As found in the previous subquestion, the speed before and

the change in the angle.

after the bowing are <% and — <2 respectively. Then the change

in the angular momentum is
AL = —5.92mH?20
7'

(0.3 pts)
Because during the falling stage the change in angle is minus-
cule, we can express the change in angular momentum as

AL = MTy, where M is the torque during bowing stage.

(0.2 pts)
During the bowing stage, the angles of the body segments are
- Bo Bo
@1 =0T 596 ¥ 2,06

b o
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1.96 1.96
a2 = a0 = 5gefo ~ 555 Bo

The torque can be expressed as

M =1.4mgHay + mgHag =

1.4 1.96 0.56
— H-—— H=--—"" H
5,96 0m9H — 5g50mg 5.9670™9
(0.3 pts)
Writing out AL = MT, we get
o 0.56
—5.92mH?— = ——— HT,
5-92mH " 5.96 0mIH Ty
ag H agcH [24 ¢ ag |H
T, =3120-2" =31.29-2=,/ 2~ < — 98182, [
’ Bo g Bo g V 2.96 H B\l g
(0.1 pts)

Part C. Kapitza’s pendulum (4 points)
Throughout the entire problem, we use the system of refer-

ence of the suspension point.

i. (1.5 pts) During these periods of time when the suspension

point accelerates upwards (and force of inertia is downwards),

the equation of motion of the pendulum can be written as
d?*p
at?

— ao

= 7@7

(0.4 pts)
Incomplete attempts at writing Newton second law will be par-
tially credited (0.2 pts).

The relative change of ¢ is assumed to be small, so we can

where ag = 2vg/T is the frame’s acceleration.

approximate ¢ ~ ¢ to obtain

d? 2vg
W;p = Tl@o-
(0.2 pts)
During the rest of the time, the same equation can be used if
ag is changed to —ay. (0.2 pts)
Therefore, the graph consists of parabolic segments, as depic-
ted in the Figure. (0.4 pts)
The amplitude is found as
Ap = i#sﬁo-
(0.3 pts)
A o—vo
4
T/2 T 3T/2 2T 5T/2
ii. (1.5 pts)
The average torque (M) = (mla(t)p(t)) . (0.3 pts)
Let us note that (a(t) (¢)) = (a(t)) () = 0. (0.3 pts)

Therefore we can rewrite the average torque as
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(M) = (mla(t)[(t) = (#)]) = = {le(®) = (22 1)

(0.3 pts; if wrong sign 0.2 pts)

It is easy to see that the average of |¢ — (¢)| over the entire

period equals to the average over the time interval 0 < ¢ < 7.

Straightforward integration yields

2 (172 442 2 1vT

- == Ap |l — = |dt=-Ap==-—p.

Go-h=2 [ 8¢ (1- ) dt =380 = s
(0.4 pts)
Upon substituting this result into the previous expression we

obtain
1
(M) = *gmv(z)@o-

“ausell

AN
1l \LI!!‘ I \\“
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(0.2 pts)

iii. (1 pt) Gravity field does not affect the expression for the
average torque of the force of inertia. So, we can use the result
of the previous question. However, it gives rise to an additional
contribution to the average torque, equal to glmepg. (0.4 pts)

Therefore, the equation of motion can be written as

1
= <gl - 31;(2)T2) ©o-
(0.4 pts)

The stability is ensured if the factor at the right-hand-side is
(0.2 pts)

12 dz@o
dt?

negative, i.e. if 3gl < v3.
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Problem T2. Gravitational waves (10 points)
Part A. Dipole radiation (2.4 points)

For the sake of convenience, let us denote k = =

4meq

i. (1.4 pts) The total dipole moment can be expressed as
d= —Fie+ M Ze, (0.2 pts)

where 71 and 75 are the position vectors of the electron and

nucleus respectively. Then d= —rie+ 13 Ze = —%e — milZe,
(0.1 pts)

but because the mass of the nucleus m; is much larger than m,

we can neglect the second term. Then

5 F kZe3
d = |—e| = 2
m mr
(0.3 pts)
=2 2
d kZe? 1
Ped - 2 — ;
4megcd mr?2 6megcd
(0.2 pts)
We can express A as A = ¢ = mre, (0.2 pts)
We get v from the relation m? k;ZT—‘f;,Q, then v = e4/ %
(0.3 pts)
Finally
N 2re  2mre [mr
v e kZ
(0.1 pts)

ii. (1 pt) We know that cfg = >, 7im;. Let us recall that the
distance to centre of mass is

—

i Trim;

> ‘

g —
Tcm -

Then (0.3 pts)

dg = Fimi = Tom y_mi
i i

_ (0.2 pts)
(Equivalently one can notice that d; = Y, Uim; the net mo-

mentum.) 7, is constant because there aren’t any external

forces acting on the system. (0.3 pts)
This means that d_;] =0and Py =0. (0.2 pts)
Part B. Quadrupole radiation (7.6 points)
i. (1 pt) The force acting on one of the stars is
M?  Mv?
F = Gi = —
4R? R
(0.6 pts)

From here we can express the star’s speed v. We can express

the star’s angular speed from the relation w = %. (0.2 pts)

GM

R3

w

DN =

v
R
(0.2 pts)

GPhO
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ii. (0.8 pts) The dimensions for A need to be

1 kem? 1 1
kg2m4 T kgZm? - s3m2Zkg
(0.2 pts)
A can only consist of the gravitational constant G, speed of
light ¢ and angular velocity w. (0.2 pts)

We can write a system of equations for every unit, m, s and kg.
If we take the power of G, ¢ and w to be a, b and ¢ respectively,

we can write out for metres

3a+b= -2,

(0.1 pts)

for seconds

—2a—b—c= -3,

(0.1 pts)

and finally for kilograms

—a=—1

(0.1 pts)

Solving the equations we get a = 1, b = —5 and ¢ = 6, which

means that
Wb

cd

A=G

(0.1 pts)

iii. (0.8 pts) The solution for this subquestion is the same as

for the previous one. The units for K are

W kg
m? §
(0.2 pts)
K can only depend on G, ¢ and w, (0.2 pts)

if we take their powers to be a, b and ¢ respectively, we can

write out for metres

3a+b=0

(0.1 pts)

for seconds
—2a—-b—c=-3

(0.1 pts)

and finally for kilograms
—a=1
(0.1 pts)

Solving the equations we get a = —1, b = 3 and ¢ = 2, which

means that

(0.1 pts)
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iv. (1 pt) The flux at distance L is S = %, (0.4 pts)
on the other hand we can express flux as S = Kh2. This means
that
AM?R*
4w L2

P,
K h2 ag
ho = Awl2

(0.4 pts)
and finally

AM2RY \/Gwﬁ G M2R* Gw?’MR?>  G*M?

h = = = =
"V KarL? S Aw? Arl? 2\7c*L  8yw*LR

(0.2 pts)

v. (1 pt) At distance R, from the black hole, it takes all
the energy mc? for an object to overcome the potential energy
—G%. This means that

Mm
R,

me? =G

(0.7 pts)
(If non-relativistic energy mc?/2 is used, deduct 0.3 pts.) From

here we can express Ry

GM
RS = T
c
(0.1 pts)
This answer is 2 times smaller than the correct one, which
means that 2GM
Ry = —3
c
(0.2 pts)

vi. (1.5 pts) We can estimate the mass of the black holes by

finding the orbital frequency and then using the expression we

found in the first subquestion (Kepler’s III law). (0.3 pts)
The strain is maximal when the orbital radius for the black
holes is R;. (0.3 pts)

Reading from the graph, we get that the orbital period is
T =~ 0.006s (0.3 pts)
and frequency w = 2% = 1000rad/s. Then

GPhO
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we L [GM
2\ R
(0.2 pts)
substituting Rs we obtain
1 cb c?
— \JGM -
v 2 8G3M3  2/2GM
(0.2 pts)
The mass of a black hole is
M—L—145x1032k =72M
EEN R 8= e
(0.2 pts)

In reality the masses of the black holes were 36 Mg and 29 Mg,
where Mg is the mass of Sun.
vii. (1.5 pts) As mentioned previously the maximal strain is

when the black hole’s orbital radius is Ry, reading from the

graph we get that the strain is hg ~ 0.9 x 10721, (0.4 pts)
Then, using the result of question iv,
G?M?
ho = =75
8v/7mct LR,
(0.4 pts)
Substituting Rs we obtain
he G*M?* &  GM
07 8YTAL2GM ~ 16/72L
(0.3 pts)
The distance to the black hole is
I GM
~ 16y/mc2hy’
(0.2 pts)
numerically
L =4.21x 10** m.
(0.2 pts)

This can be also expressed in megaparsecs, L = 136 Mpc. In
reality, the distance was L = 410 Mpc 4+ 170 Mpc.
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Problem T3. Magnetars (11 points)

i. (1.5 pts) If we change the frog’s height by Ah, the change
in potential energy needs to be smaller than the change in mag-
(0.2 pts)

Note that for every point in frog, the change in magnetic energy

netic energy.

is the same, thus we can express it as

A(B? B2xAh
210 2hopio
The change in potential energy is (0.6 pts)
AIl = VpgAh
(0.3 pts)
Then AE + Al < 0
B2xAh
VIO |y pgAR <0
2hopo
(0.2 pts)
This means that
2h
By > | 2oty
X
(0.1 pts)
and numerically
By =5.32T.
(0.1 pts)

ii. (1 pt) Let us observe a piece of the star with a volume V
before the collapse and volume V; after the collapse. The mass

before and after are same. This means that

VOps - len

(0.1 pts)
The radius of the star scales as V1/3, (0.1 pts)
and the cross-sectional area as V2/3. (0.1 pts)

The total magnetic field through the volume is also the same

before and after the collapse:

2 2
BsVy* = B, Vy?

(0.4 pts)
Now we can express B,
v\
oo (3 a2
Vl Ps
(0.2 pts)
and numerically
B, =5.0x10°T
(0.1 pts)

b o
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#

iii. (1 pt) During the collapse there is no torque on the

star, this means that the angular momentum remains constant.
Thus

2 2
gMﬁ%:gMﬁ%

(0.6 pts)
Recall that R; is inversely proportional to pi/ 3 (0.2 pts)
Now we can express wy,

RE Pn 5

(0.2 pts)
iv. (1.5 pts) After time ¢, the neutron star has turned by an
angle 8 = wyt. (0.2 pts)
The magnetic fields pass any radial line from the centre of the
neutron star on average N = % = 22t times. (0.3 pts)
The total magnetic flux entering the outer shell remains con-
stant, and thus is always equal to ® = 27 Ry By, (0.3 pts)
where Ry is the radius of the outer shell. This means that the
flux through any radial line is ®N. (0.4 pts)
Then

BRy = 27 RgBgN = RyBowit

(0.2 pts)

And finally
B = Bow,t
(0.1 pts)

v. (1 pt) We can find the gravitational energy by integrating:
we imagine removing the material layers of thickness da one by
one, starting from the outermost one. The potential energy for
a hollow sphere with a thickness dz in the gravity field of the

matter inside it is

4
il —C (4ma?dxpy) 3’ py, _ 1637r2 Gptatda
x
(0.2 pts)
Integrating from x = 0 to x = R,, we get
1672 5 3 GM?
H _ G 2Ro - n
5 T TR,

(0.3 pts)

A partial credit of 0.2 pts is given is if integration is substituted
by a simplifying product.

This potential energy is equal to the magnetic energy

(0.3 pts)
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Solving for B,, we get

(0.1 pts)
and numerically
B, =118 x 10"4T

(0.1 pts)

vi. (1 pt) The electron orbit will get distorted when the

Lorentz force becomes in the same order of magnitude as Cou-
lomb force. (0.1 pts)
The Coulomb force is
1 e?
1= FeoRi%,
(0.2 pts)
On the other hand, ,
mev
F = Rt
(0.2 pts)
We can express the velocity of electron
1
7NV ImeoRyme
(0.1 pts)
Then the Lorentz force is
Fy, ~evB
(0.2 pts)
Upon substituting v we obtain
1

From the condition F; =~ F;, we can express the magnetic field

strength
Me
B=,|———
47T€0R3H
(0.1 pts)
and numerically
B =256x10°T
(0.1 pts)

vii. (2 pts) Perpendicularly to the magnetic field, the Lorentz
force is much larger than the Coulomb force since the magnetic
field B,, is much larger than the magnetic field found in the
previous question. This means that in the perpendicular plane,
the electrons move along a circular cyclotron orbit. (0.2 pts)

Then we can write )
MeV

Ry

= evB,,

(0.2 pts)
where Ry = d/2 is the orbit’s radius. Now we apply the uncer-

b o
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tainty principle. The uncertainty of the momentum is

Ap = 2m.v
(0.3 pts)
and uncertainty of the coordinate
Ax = 2R1
(0.2 pts)
So we have
dm.vRy =~ h
(0.2 pts)
Substituting mev = % to the first equation we get
h
Rif = 4€Bn
(0.1 pts)
Then
h
R =
'V 4eB,
(0.1 pts)

The length of the cylinder will still remain in the order of mag-
nitude of Ry because the Lorentz force doesn’t act on the
electron in that axis (parallel to the magnetic field). (0.5 pts)
Then the ratio of the length and diameter is approximately

RH eBn
=— =2R
"T R H\ h
(0.1 pts)
and numerically
k=239 =~ 40
(0.1 pts)

Note that if we were to make calculations for magnetars with

B =1 x 10" T, the orbital electrons would be ultrarelativistic.
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The 2" Gulf Physics Olympiad — Theoretical Competition
Riyadh, Saudi Arabia — Sunday, April 2" 2017

The examination lasts for 5 hours. There are 3 problems
worth in total 30 points. Please note that the point
values of the three theoretical problems are not

equal.

You must not open the envelope with the prob-
lems before the signal of the beginning of compet-

ition.

You are not allowed to leave your working place
without permission. If you need any assistance (broken
calculator, need to visit a restroom, etc), please raise your

hand until an organizer arrives.
Use only the front side of the sheets of paper.

For each problem, there are dedicated Solution Sheets
(see header for the number and pictogram). Write your
solutions onto the appropriate Solution Sheets. For each
Problem, the Solution Sheets are numbered; use the sheets
according to the enumeration. Always mark which
Problem Part and Question you are dealing with.

Copy the final answers into the appropriate boxes of the

Answer Sheets. There are also Draft papers; use these
for writing things which you don’t want to be graded.
If you have written something that you don’t want to
be graded onto the Solution Sheets (such as initial and

incorrect solutions), cross these out.

If you need more paper for a certain problem, please raise
your hand and tell an organizer the problem number; you
are given two Solution sheets (you can do this more than

once).

You should use as little text as possible: try to
explain your solution mainly with equations, numbers,
symbols and diagrams. Though in some places textual

explanation may be unavoidable.

After the signal signifying the end of examination
you must stop writing immediately. Put all the pa-
pers into the envelope at your desk. You are not al-
lowed to take any sheet of paper out of the room.
If you have finished solving before the final sound signal,

please raise your hand.
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PROBLEM 1

Problem T1. Main sequence stars (11 points)

In all your subsequent calculations you may use the following
physical constants and their numerical values.
Stefan-Boltzmann constant o = 5.670 x 1078 W /(m?K*)
(Note that oT* gives the black body thermal radiation power
per unit area at temperature 7T'.)

Boltzmann constant kg = 1.38 x 10723m? - kg-s72 - K1,

The rest mass of a proton m, = 1.67 x 10727 kg.

Rest energy of a proton my,c? = 938 MeV,

where 1 MeV = 1.6 x 10713 J.

Rest energy of a helium nucleus myec? = 3727 MeV.

Rest energy of an electron and positron m.c? = 0.5 MeV.
Speed of light ¢ = 3 x 103 m/s,

Universal gas constant Ry = 8.31.J-K~!-mol !

Avogadro’s number Ny = 6.02 x 103 mol !

Part A. Lifetime of Sun (3 points)

For this Part, the following values can be also used.

The mass of Sun Mg = 2 x 1039 kg.

The radius of Sun R = 7 x 10% m.

Surface temperature of Sun T, = 6 x 103 K.

i. (0.7 pts) The Sun emits thermal radiation as a perfectly
black body. Determine the total radiation power of the Sun (in
watts).

ii. (0.5 pts) The Sun maintains its temperature owing to
the fusion reaction, the net effect of which can be written as
4pt —4He?" 4 2et + 2u,, where pt denotes a proton, He?™
— a helium nucleus, e™ — a positron, and v, — an electron
neutrino of negligible rest energy. Show that the energy released
by such a fusion of four protons is Wy = 24 MeV.

iii. (0.5 pts) Antimatter cannot co-exist with matter: upon
meeting, a positron and an electron disappear by producing
two photons. How much energy per each fusion of four protons
into a helium nucleus must leave Sun (carried away by photons
and neutrinos) in order to keep it at a thermal equilibrium?
iv. (1.3 pts) Assuming that only the central part of the Sun
(the Sun’s nucleus) which makes ¢ of the total mass of the Sun
is hot enough for fusion reaction to take place, and neglecting
the energy carried away by neutrinos, estimate the total lifetime
of the Sun. Note that there is no convection in the central parts
of the Sun, and therefore the particles inside the Sun’s nucleus
remain trapped therein. Based on your result, comment on the
current age of Sun, 7o = 5 x 10%y.

Part B. Mass-luminosity relationship of stars (4.5 points)
Inside the nuclei of the so-called main sequence stars (such as
our Sun), the fusion reaction takes place in a stable regime:
if fluctuations were to increase the reaction rate slightly, the

increased thermal output would lead to an increase of the pres-

GPhO
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sure, to a thermal expansion of the fusion plasma, and as a
result, to a decrease of the reaction rate. The reaction rate
grows very rapidly with temperature and because of that, even
if the reaction rates in different stars of different masses may
differ considerably, the interior temperatures remain fairly sim-
ilar. In what follows, you may assume that the temperature
of the nuclei of stars is independent of the stellar mass
and equal to
T.=18x10°K;

this approximation holds particularly well for stars larger than
Sun.

In order to make our next calculations mathematically easier,
we make the following additional approximations.
(a) The mass of the stellar core is % and its radius is %, where
M is the total mass of the star and Ry — the radius of the star.
(b) The mass density p., pressure p., and temperature T in-
side the stellar core can be approximately taken to be
constant throughout its volume.
(c) For tasks i—iv, we assume also that all
the mass %M of the outer layers of the star

is concentrated into a very narrow spher-

ical layer of radius % around the core, see @
figure. In reality, this is certainly not true — the layer is not
narrow. However, this approximation will have only a minor
effect on the expression for the pressure (in task iv).

i. (0.4 pts) Express the free fall acceleration immediately above
the narrow spherical layer (point @ in figure) in terms of M
and Rgp.

ii. (0.4 pts) Express the free fall acceleration immediately
beneath the narrow spherical layer (point P in figure).

iii. (0.4 pts) Express the gravity force acting on a small piece
of the narrow spherical layer in terms of its surface area A, M
and Rg.

iv. (0.4 pts) Express the pressure p. in terms of the radius Ry
and mass M of the star; (we overestimate it only by a factor
which is less than two).

v. (1 pt) Derive another expression for the pressure p., this
time in terms of Ry, M, and the core temperature T,. Assume
that the nucleus of a star is made of a fully ionised hydrogen,
i.e. there are free protons and free electrons, both of which
can be described as an ideal gas.

vi. (0.4 pts) Based on your previous results, express the radius
Ry of a star in terms of its mass M and temperature 7.

vii. (1.5 pts) The radiative power of a star is limited by at
which rate the produced heat can travel through the outer layers
of the star and reach the surface. The heat conductivity « is

defined as the proportionality coefficient between the heat flux
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PROBLEM 1

density (thermal power per unit area) and temperature gradient

dar
dr >

plasma, the heat conductivity is inversely proportional to its

where r is the distance from the centre of the star. For a

density, k = f(T)/p. Assume simplifyingly that x is constant
throughout the bulk of a star, up to the near-surface regions
at r = Ry where the temperature T' < T,, and is equal to
k = f(T.)/pe. Show that the total radiative power P of a star
is proportional to M7, and find the exponent ~.

Part C. Proton-proton fusion chain (3.5 points)

We say that a constant is fundamental if it cannot be expressed
in terms of other fundamental constants; for instance, the Stefan-
Boltzmann constant can be expressed in terms of kg, speed
of light ¢, and Planck’s constant 7. However, majority of the
fundamental constants are created artificially by physicists due
to a non-fundamental way of choosing the units. For instance,
SI system of units needs electrostatic constant k. , but for
Gauss system of units, charge units are such that k. = 1. So,
majority of the “fundamental” constants are not really that
fundamental, and depend on our (essentially arbitrary) choice
of units. However, there are also dimensionless combinations of
physical constants, which can be considered as the parameters
of our Universe, and which define the way in which matter and
fields evolve.

i. (1.5 pts) Find a dimensionless combination a~! and calcu-
late its value using the following subset of fundamental constants
(it may happen that only few constants will enter the expression
for a1):

c=3x108m/s,

G =6.67x 107" m3 . kg=1s72,

kg =138x10"23J.K 1,

N4y =6.02 x 102 mol !,

h= 2 =1.05x1073] s,

e=1.6x10"1C,

ke = ﬁ =899 x10°m-F~ 1L

Note that any power of « is also dimensionless; you are asked to
find the simplest combination of constants which yields a=! > 1.

Hint: before applying dimensional analysis, all units need to

GPhO
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be expressed using the base units (m, s, A, K, kg, mol).
ii. (1 pt) The first and limiting step in the fusion of four pro-
tons into a helium atom inside a star of sub-solar mass is the

fusion of two protons,
pT+pT = H et v,

This process is obstructed, however, by a coulomb repulsion of
two protons. You may assume that until the distance between
the centres of two protons remains larger than the proton ra-
dius r, = 0.85 x 1071 m, there is only a Coulomb force; at
distances smaller than r,, an attractive strong force steps into
play and dominates over the Coulomb force. Estimate the tem-
perature 7" required for the fusion of two protons if there were
no quantum-mechanical effects. Compare this result with the
value of T, ~ 1.8 x 10° K.
iii. (1 pt) What enables the fusion of stellar hydrogen is the
quantum-mechanical tunnel effect. With this task, you’ll learn
that the fusion reaction rate depends on the dimensionless para-
meter «, thus we can say that the parameter o defines the
production rate of heavier nuclei in our Universe. (It appears
that in a slightly different Universe with a slightly different
value of «, no carbon nuclei neccessary for the existance of life
would have been produced!.)

It appears that a particle can tunnel through an energy
barrier (a region in space where the potential energy II(r) is

larger than the total energy W) with probability

p~ exp{—2h~"! / V2m[(r) — Wldr},

where the integral is to be taken over the range at which
II(r) > W. Express the tunnelling probability for the proton-
proton fusion reaction for head-on collision of two counter-
moving protons of speed v in terms of «, v and ¢. You may
assume that the proton radius 7, is much smaller than the ra-
dius r, at which the proton “dives into the tunnel” [II(ry) = W],

and make use of the equality foa A /% — %dx = ZVa.

1J. Barrow and F. Tipler, The Anthropic Cosmological Principle, Oxford, (1988)
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Problem T2. Water tube (8 points)

Consider a tube which is obtained

PROBLEM 2

when two metallic cylinders are welded
Up-

per cylinder has internal cross-sectional

together as shown in the figure.

area A = 10cm?, and the lower one —
1.1A = 11 cm?. Two pistons are connec-
ted with a narrow (rigid but light) steel
bar of length H = 30cm; the distance
from the lower piston to the welding

area is h = 10cm. The space between

the pistons is filled with water of density

p = 1000 kg/m? and temperature 7' = 20 °C. The mass of each
of the pistons % = 50 g (neglect the mass of the rod connecting
them) free fall acceleration g ~ 10m/s? and the atmospheric
pressure po = 1 x 10° Pa. The tube stands vertically on a solid
horizontal surface; the pistons can move freely up and down,
friction force can be neglected. The distance between the bot-
tom of the lower piston and the horizontal surface is more than
20 cm.

b

GPhO
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i. (0.5 pts) Let pp denote the pressure at a point P at the
bottom of the water column, and pgo — at a point @ at the
bottom. Find pp — pg.

ii. (1.5 pts) Consider the two pistons, steel bar, and water
column as a single compound body. Make a sketch and mark
on it all the forces acting on this compound body by arrows
(denote them by letters — F, F, etc.). Determine the values
of all these forces.

iii. (1.2 pts) Determine the values of pp and pg.

iv. (0.8 pts) Determine the tension force T' in the steel bar.
v. (1 pt) Now, the whole system is slowly raised to a height
L = 25cm (this is the distance between the horizontal surface
and the bottom edge of the tube), and released. The system
falls due to gravity, hits the surface (assume the impact to be
plastic, i.e. the kinetic energy of the metallic tube is converted
into heat), remains standing vertically on the horizontal surface
for a brief period of time 7, and jumps up into air. Why does
it jump? Provide a qualitative explanation.

vi. (3 pts) Find the duration 7 during which the tube remains

standing on the surface (after falling and before jumping).
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PROBLEM 3

Problem T3. Accelerating shock wave (11 points)
In interstellar space, shock waves can accelerate charged
particles to very high energies. We shall use an idealized model
of a shock wave, and assume that it is a potential barrier of a
constant height —Vj which moves with a constant velocity w

along the z-axis:

V(:E,y,z,t) = _VO
V(z,y,2,t) =0

if < wt;

if x> wt.

In the frame where the shock wave is at rest, the energy of an
electron is conserved. This means that as long as the kinetic
energy of an electron of mass m and charge —e moving towards
the shock wave is insufficient (%mu2 < eVy, where u denotes the
speed with which the electron is approaching the shock wave),
it is reflected back from the shock wave in the same way as
an elastic ball bounces from a rigid wall. In what fol-
lows, unless otherwise mentioned, we assume that the
electron is bounced elastically by the shock wave. You
can always use the parameters e, Vy, m, B, and w to express
your answers. Unless otherwise specified, the velocity of the
electron is assumed to be non-relativistic.
i. (1 pt) Let the initial speed of the electron be ¥ = (v, vy, v2),
with v, < w. Determine the velocity ¢ (i.e. the components
/ !/

Vg Uy

v’,) of the electron after being hit by the shock wave.

ii. (1 pt) Now, there is also an homogeneous magnetic field of
induction B, parallel to the z-axis. At the beginning, electron
rests at the origin, and at ¢ = 0 is hit by the shock wave. Sketch

qualitatively the trajectory drawn by the electron; cover the

mm

Be
iii. (0.5 pts) Find the curvature radius of the electron’s tra-

time period from ¢ = 0 until at least ¢t =

jectory immediately after its first collision with the shock wave.
iv. (1 pt) The electron undergoes soon, at t = t9, a second im-
pact; write down an equation for determining ¢5. Use numerical
calculation to obtain an expression for to.

v. (0.5 pts) Determine the average z-directional velocity v,
of the electron (averaged over the time interval 7 between two
subsequent collisions of the electron with the shock wave).

vi. (1.5 pts) As time goes on, the electron undergoes many
collisions with the shock wave. Show that during its motion,

vy + kx = const, where k is a constant; express k in terms of e,

GPhO —|:
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m and B.

vii. (1 pt) From now on, let us consider the limit
2

t > Zmm,

ay of the electron (express it in terms of e, m and B or constant

k introduced by task vi).

Determine the average y-directional acceleration

viii. (1 pt) It appears that at the limit ¢ > 2;—?, the time

interval 7 between subsequent collisions becomes shorter and

2mm
Be *

during a time interval between two subsequent collisions the

shorter, hence we can assume that 7 < This means that
velocity vector of the electron will change only by a very small
angle and hence, its acceleration vector @ = (ag,a,) can be
assumed to be constant.

Let us use now the shock wave’s frame of reference, and
consider the electron’s phase diagram, i.e. a diagram which
describes the state of the electron as a point in the z’ — p! -
plane, where the vertical axis p!, = m(v, — w) corresponds to
[(vy — w)dt
denotes the distance from the shock wave. Depict qualitatively

the z’-component of the momentum, and 2’ =

the electron’s phase trajectory, i.e. the curve drawn in phase
diagram during one period (between two subsequent collisions
of the electron with the shock wave). Grades for this task are
based purely on the shape of the curve.

ix. (1.5 pts) As time goes on, the width and height of the phase
trajectory will change; however, it appears that the surface area
of the region surrounded by the phase trajectory (referred to as
the adiabatic invariant) will remain constant with a very good
precision. For an initially resting electron, the adiabatic invari-

1. w)? .
%. Determine

ant appears to be approximately equal to
the total kinetic energy Wy of the electron when it falls behind
the shock wave; express it in terms of e, V{, and ¢, which is

727‘;‘;2; assume that € > 1.

defined as € =
x. (2 pts) This final task is independent from the previous
tasks. Consider the propagation of a shock wave as described
before, but under the absence of a magnetic field. A relativistic
electron moves parallel to the front (in the laboratory frame,
the perpendicular component of its velocity is strictly zero).
Assuming that mw? < eV and w < ¢ (with ¢ denoting the
speed of light), what should be the relativistic energy of the
electron so that it could fall behind the shock wave? You can

use any reasonable approximations.
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PROBLEM 1

Problem T1. Main sequence stars (11 points)
Part A. Lifetime of Sun (3 points)

i. (0.7 pts) Since the Sun behaves as a perfectly black body
it’s total radiation power can be expressed from the Stefan-

Boltzmann law as
P =ArR%0T, = 4.5 x 10°° W,

(Formula 0.5, nuber 0.1, units 0.1 pts.)

ii. (0.5 pts) From the energy conservation law
4mp02 = mHec2 + 2m602 + Wy
(0.2 pts). Then
Wy = 4mp02 — Mpgec® — 2mec® = 24 MeV.

(Formula 0.1, nuber 0.1, units 0.1 pts.)

iii. (0.5 pts) The fusion of four protons creates two positrons
which in turn annihilate with two electrons meaning that an
additional energy of Wi = 4m,c? = 2.0MeV is released. Then
the total energy released is Wo = Wy+W; = 26 MeV. (Noticing
that 4 particles annihilate per one He atom 0.2, formula 0.1,
number 0.1, units 0.1 pts.)

iv. (1.8 pts) Over the course of Sun’s lifetime the central part
of the Sun will undergo fusion and release energy. The total

number of reactions that will take place is

(0.3 pts). And thus, the total energy released is

E:NWQ:1 W

Mo~ =156 x 10%J
P

0.3 pts). The total lifetime of the Sun can be approximated as
(0.3 p pp
F
T=5=11x 100y,

(Formula 0.4, nuber 0.1, units 0.1 pts.)

The current age of the sun 7o = 5 x 10 y is approximately
two times smaller than the calculated theoretical age (0.1 pts).
Part B. Mass-luminosity relationship of stars (4.5 points)

i. (0.4 pts) Since all of the star’s mass is below the point @,
the gravitational acceleration is the same as that of a point
mass with a mass of M (0.2 pts). Then

_ GM  4GM

TR

(0.2 pts).

ii. (0.4 pts) By applying Gauss’s law for gravity for a sphere

surrounding the stellar core

R\’ M
47 <20> ap = 47TG§

GPhO
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(0.2 pts);
GM

aP:ﬂ

(0.2 pts).
iii. (0.4 pts) Since the gravitational acceleration decreases

linearly along the thickness of the spherical layer, the aver-

age acceleration experienced by the spherical layer is aavg =
aptaqg _ 9GM

2 4RZ
spherical layer with an area A has a mass of

(0.1 pts). Furthermore, a piece of the small

m—_ A ™M _ 7 MA
*4W(%)2 8  8r RZ

(0.1 pts). From the Newton’s second law

I 63 GM?A

= Mayg = = ——7—
BT 32r R}

(0.2 pts).

iv. (0.4 pts) The previously calculated force acting on the

small piece of the narrow spherical layer can also be expressed

. GM?A
63
F=Ap, = ————
Pe = 395 " RE
(0.3 pts). Then
_ @ e
Pe = 307 RE
(0.1 pts).
v. (1 pt) From the ideal gas law
4 (Bo)?
LS,

where n is the number of moles of protons and electrons inside
the stellar core (0.6 pts; 0.4 if electrons are forgetten). Since

the mass of an electron is negligible compared to the mass of a

proton, n = 87334% = 4m];INa (0.3 pts). Then
TR} _ MR,T. MkgT.
P = ImyN, ~ 4m,
and
_ 3 MkpT:
Pe = 2m Rim,

(0.1 pts).

vi. (0.4 pts) Combing both expressions for p., one gets
QGM2 _ 3 MkgpT:
32r Ry 27 Rim,

(0.2 pts).

21 GMm,,
Ry = —
16 kpT.

(0.2 pts).
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PROBLEM 1

vii. (1.5 pts) Writing out the energy balance for a spherical

shell with a radius of z and thickness dz concentric to the star

dT
—47rx2d—/<; =P
T

(0.4 pts) and rearranging the terms, one gets

—4rrdT = Pd—m

(0.2 pts). Integrating from z = % to x = Ry yields

T(Ro) Ro 4
A7k / dT = P / e
T. £o

1 2
—Ank(T(Ry) —T,) = —P | =— — —
(r(h0) 1) =P (5 - 7.
P
47TK/TC = Rio
(0.2 pts). Then
P =4nkT.Ry

(0.3 pts). When similar expression is obtained without integ-
ration (leading to a wrong factor), only 0.2 for integration is

lost.

21 GMm,,
16 kpTe.

Substituting k = and Ry =

3M
Pe 9 pc - 47TR8
ultimately end up with

p_ 21 Gm, 47T2T3f(TC)M3
8 kp 3

(0.3 pts). Thus v = 3 (0.1 pts).
Part C. Proton-proton fusion chain (3.5 points)

i. (1.5 pts) First, we must convert the units to base units:
[c] =m/s,
[G] =m? - kg~1s72,

[kp] =m?-kg-s72-K~! (0.1 pts),
[N4] = mol™ 1,

[A] = m2 kg/b (0.1 pts),

le] =
[k ]—kg m?-C~2s72 (0.1 pts).

Let a = [c2[G] s [NaFA[e]? k]
an equation for each unit:

m: f+37y+20+2u+3w =0

st =f—2v—20—p—2w=0

kg: —y+0+p+w=0

K: -6=0

mol: —e =0

Then we can create

GPhO
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C: ¢ —2w=0.

(0.1 pts for each equation.) After solving the system of equa-
tions and setting w =1, we get 3 =—-1,v=0,0 =0, e =0,
p=-1,¢=2 and w =1 (apart from ¢ and ¢, 0.1 pts for each

value). Thus

B ke.e?
~ch
(0.1 pts for the numerical value.)

=73x1073.

ii. (1 pt) Let the distance to the centre of mass for both protons

kee?
4x2

be . Then the force acting on one of the protons is F'(z) =

T dx
o T

(0.3 pts out which 0.1 goes for correctly treating the distance

and thus the potential energy is

T 2
H:/ F(z)da = 7%46

o0

k.e?
4z

to the centre of mass and distance between the protons.) By
applying the energy conservation law at # = 2 and z = oo, we

get
kee2  myv?
2ry 2

(0.2 pts). Furthermore

mpv2 3kpT’
2 2

(0.3 pts). T' can be expressed as

T kee?

=6.5x 10°K
3kB’I“p %

(0.1 pts for formula). This is around % = 3600 times larger
than the actual temperature of the stellar core (0.1 pts).

iii. (1 pt) The total energy of a proton moving at speed v is
W = and the potential energy, as expressed in the last sub-

task, is TI(r) = k;f = oh

2
mpv

. The moment at which the proton

"dives into the tunnel” happens when W =1I(r) = II(ry) = ‘;ﬁf’
(0.3 pts). Thus r, = n;v;;; (0.1 pts). Then the probability of

the tunnelling taking place is

P & exp [—271_1/ ' \/mpach (1 — 1) dr] =
0 Ty

(0.3 pts)

= exp (—2?1_1 \/mpachﬂ-

(0.3 pts).

) o (-75)
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Problem T2. Water tube (8 points)

i. (0.5 pts) There is a water column of height H between
points P and @ creating an additional pressure of pp — pg =
pgH = 3000 Pa. (Formula 0.3 pts, value 0.1 pts, units 0.1 pts.)

ii. (1.5 pts) The external forces acting
on the system are sketched on the figure
to the right. Fy» = Apy = 100N (for-
mula 0.1 pts, value with units 0.1 pts)
and F; = 1.1Apy = 110N (formula 0.1
pts, value with units 0.1 pts) is the at-
mospheric pressure acting on the pistons.
F3 = (M+m)g = 4.1N (formula 0.1 pts,
value with units 0.1 pts) is the gravita-

tional force acting on the water-piston
(H +0.1h)Ap =
0.31kg (formula 0.1 pts, value with units

system, where M =

0.1 pts) is the mass of the water column. N is the total normal
force exerted by the metal cylinder. There is no horizontal
component for the normal force since it cancels out due to
symmetry. N can be expressed from the Newton’s 2nd law

applied on the vertical axis
N+F,+F3—F, =0

N+ Apg+ (M +m)g — 1.14py =0

N = 0.1Apo—(M+m)g = 0.1Apo—((H+0.1h) Ap+m)g = 5.9N.

(Formula 0.2 pts, value with units 0.1 pts.) Each correctly
shown force in the sketch: 0.1 pts (0.4 pts overall).
iii. (1.2 pts) Notice that N = 0.14p; (0.6 pts), where

p1 = 10N/A = 59kPa

(formula 0.2 pts) is the pressure at the joint of the two tubes.

Therefore,
po =p1 — pg(H — h) = 57kPa.

(Formula 0.1 pts, value with units 0.1 pts.) and
pp = p1 + pgh = 60kPa.

(Formula 0.1 pts, value with units 0.1 pts.)
Alternatively, applying the Newton’s law on the vertical axis

for the piston, one gets
Apo — Apg + mg + 1.1App — 1.1Apy =0
(0.3 pts),
—0.1Apg + mg — Apg + 1.1A(pg + pgH) =0
(0.3 pts),

™9 _ 57%Pa

pq =po — lpgH — 10—

GPhO
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> [

(formula 0.2 pts, value with units 0.1 pts).

pp =pqQ + pgH = py — 10pgH — 10% = 60 kPa

(formula 0.2 pts, value with units 0.1 pts).
iv. (0.8 pts) Newton’s 2nd law on the vertical axis for the top
piston can be written out as
m
79+ApO—ApQ+T:0
(0.4 pts).
mg

m m
TZA(pQ—po)—gg:—A(nngerIg)_ 9 =

21
=—11pgHA — 25 mg = —43.5N

The negative sign of the tension force means that the steel bar
is being compressed, not stretched. (Formula 0.2 pts, value
with units 0.1 pts, sign or direction of 7' 0.1 pts.)

v. (1 pt) During the impact, the metallic tube comes to rest
but the two pistons keep moving downwards because the pistons
and the tube aren’t strongly connected (0.3 pts). As a result,
the volume between the two pistons increases (since the area of
the bottom piston is larger than the top piston) and vacuum
is created (0.3 pts). This causes the atmospheric pressure to
try to reverse the change and push the pistons upwards (0.2
pts). Because no energy is lost in the water-piston system (for
simplicity we assume the friction between the tube and water
/ pistons to be negligible), after the pistons have returned to
their initial position, their speed will be of equal magnitude
and of opposite sign, pointing upwards, which in turn makes
the tube jump (0.2 pts).

vi. (3 pts) Neglecting the pressure of water vapors and of the
water column of 20 cm, the pressure between the pistons is zero,

hence the net force acting on the system “water + pistons” is
F=-01A4py+ (m+ M)g=59N

(1.3 pt). Because the force is constant throughout the whole
process, the change of momentum for the water-piston system

can be expressed as

(M +m)(—v) — (M + m)v = Fr =
(1.3 pt)

()

- gp— M mp

Apo — 10(m + M)g
where v = y/2¢gL is the speed of the tube when it reaches the
ground. Thus

M+m
Apo — 10(m + M)g

=20

\/2gL = 0.31s.

(Formula 0.2 pts, value 0.1 pts, units 7" 0.1 pts.)
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PROBLEM 3

Problem T3. Accelerating shock wave (11 points)
i. (1 pt) In the reference frame of the shock wave, the electron’s
initial velocity is o7 = (v, — w, vy, v;) (0.3 pts). After deflecting
against the shock wave, the horizontal component of the velocity
gets flipped (0.2 pts). Thus, the electron’s velocity in the mov-
ing frame of reference, after deflecting against the shock wave, is
Uy = (W — vy, vy, v;) (0.1 pts). Moving back into the laboratory
frame of reference, the final velocity is ¥ = (2w — vg, vy, v.)
(0.2 pts for  component, 0.1 both for  and y components).
ii. (1 pt) After being hit by the shock
wave, the electron starts moving with V4

speed v = 2w. Due to the magnetic X
field, it moves along a circular traject-
ory, and at the initial moment of time,
the trajectory is perpendicular to the
front. Additionally, the electron peri-
odically undergoes collisions against the

shock wave, and the x-coordinates of

the collision points grow in time. This is
enough to draw an approximate sketch
of the electron’s trajectory.

Grading: trajectory is made from circular segments (0.3 pts)
which are connected at the reflection points so that instantan-
eous change of direction is clearly seen (0.2 pts). 0.2 pts if the
trajectory starts parallel to the z-axis, 0.1 pts if the direction
of motion is shown by arrow or described in another way; 0.2
pts if the reflection points advance in the same direction as the
shock wave.

iii. (0.5 pts) The Lorentz force acting on the electron acts as

a centripetal force
2

mu
eUBO = T
(0.4 pts). Thus R = 3> = 26%2” (0.1 pts).

iv. (1 pt) Before the first collision, the electron’s z-coordinate is
z1(t) = Rsin (27 %) (0.2 pts) and the shock wave’s z-coordinate
is x2(t) = wt (0.1 pts). The second impact happens when
x1(t) = z2(t) (0.2 pts). Thus

2mw . Bpe
sin | —1t9 | = wiy
eBy m

(0.1 pts). Substituting u = %tg, one gets
. U
sin(u) = 5

(0.2 pts). This equation can be solved numerically to get

u=1.895 (0.1 pts). Thus ¢> = 1.8955 (0.1 pts).

v. (0.5 pts) Every time a collision happens, the electron and

the front are at the same place, with the same value of the

GPhO —|:
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x-coordinate. This means that the electron’s and shock wave’s
average velocities in the direction of the z-axis are the same.

In other words, v, = w (0.5 pts).

vi. (1.5 pts) It is easier to find the value of k by taking a
derivative from both sides of the equation as it gets rid of
the constant. Then v, + kv, = 0 (0.2 pts). The only forces
acting on the electron are the Lorentz force and the repulsion
forces between the electron and the shock wave (0.3 pts). Since
the shock wave affects the electron only in the horizontal dir-
ection (0.2 pts), the acceleration’s vertical component comes
purely through the Lorentz’s force (0.2 pts). This means that

mgj = —ev, By holds throughout the electron’s motion (0.2 pts).

Boe
m

vz. Plugging this to the conservation
(0.3 pts). Thus k = £e¢ (0.1

In other words, 0, = —

Bﬁfvx + kv, =0

law, we get —

pts).

vii. (1 pt) By taking a derivative from the conservation law
vy, + Boe Bocy, =0 (0.5 pts). Over the

m m
long run, the average z-directional moving speed of the electron
Bge

m

x = const, we get a, +

is the same as that of the shock wave’s. Thus a, + w=20

(0.4 pts) and a, = —22%w (0.1 pts).

m

viii. (1 pt) Over the course of one period, there is a constant
acceleration a, acting on the electron in the z-direction, both
in the lab frame, and in the shock wave’s frame; the behaviour
is the same what would be if there were a free fall acceleration
g = a. If we let x be the relative distance between the electron
and the shock wave, and the initial x—directional momentum at

_ Pio _

x = 0 be pyo, then the quantity F = =

2
Pa : _
S Ty “+ mag,x 1S con

served over the course of one period (energy conservation law)
(0.2 pts). Thus p, = \/p2, — 2m2a,x (0.1 pts). On the phase
diagram, this corresponds to a parabola who'’s axis of symmetry
is at p, = 0 (0.2 pts). Furthermore, at 2 = 0, the momentum of
the electron gets flipped due to the collision against the shock
wave, meaning that there is a straight line from (0, —po) to
(0,pz0) (0.3 pts). This gives enough information to draw the

phase diagram (correctly drawn figure 0.1 pts, arrow shown 0.1

pts).
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ix. (1.5 pts) The area under the phase diagram can be found

2
paf,o
2m2ay,

by integrating p, (x)dz from zo = 0 to zy = and multiply-
ing the result by two (since the phase diagram is symmetrical

about p; = 0). Thus

T 1
S:Z/ \/pZOmeQaz:rdx:meo/ leﬁdx:
0 0 1

4 2 p, 2 mug
= — €T = — = - —
3pm0 1 3 m2a,

3 a,
(0.3 pts). Due to the conservation of this quantity (we use its

initial value taken from the problem text),
2mvy  1.36(mw)?
3 ay Bye
1 wv}Bge
9= 904 muw?
(0.3 pts), where vy is the electron’s speed at * = 0. The

2
Yo

m2 > eV} or

electron will fall behind the shock wave when

vy > % = wy/e (0.2 pts). The horizontal acceleration
comes from Lorentz force a, = BO;”” (0.3 pts). Thus
1 Boe 3€% _ Boevy
2.04 mw? m
1 3
2.042" =

b

GPhO
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1.

2

(0.2 pts).

Since vy > vy, Wy = —*

63 mw2 62

W, = _ &
F= %04 2~ 2082°

Vo

(0.2 pts).

x. (2 pts) In the reference frame of the shock wave, initially,
the electron’s z-directional and y-directional momenta are p,
and p, respectively. In the limiting case, the electron’s final
z-directional momentum is 0. Since the shock wave acts only in
the z direction, p, will stay same throughout the motion. The
Lorentz invariant of the 4-momentum, initially and after the

electron has come to rest, can be written out as
E? = pic2 + p§c2 + m(2)04
(0.6 pts),
(E—eVp)? = pic2 +mact

(0.6 pts). Subtracting one equation from the other, we get
2EeVy — e2VE = p2c? = m?, Pw? = EQ%;. Thus

2“’2 27,2
E C—Q—2E6V0+e Vo =0

eVoc? w2
e (HE -5 )

(0.2 pts) with minus sign we would obtain pc? =

(0.2 pts),

FE =

(E - 6V0)2 -
mict < (E —eVp)? — e2ViEe* /w? < 0 which is not acceptable.

Thus, we need to take the plus sign (0.2 pts):

eVpc? w2
14+4/1—-—|;
w2 ( c2 )

for w < ¢ we can approximate E = 2"1‘0/7%“2 (0.1 pts). So, the

E =

electron will fall behind the shock wave if its relativistic energy
E> 261‘0/7362 (0.1 pts).
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Koutposabuas pabora 1
0Y mo 3akony x = asinwt, y =b(1+ cos wt), rae a,b,w —
+ ONOKHTENbHbIE TOCTOSHHbIE, @ > b, a t — BpEMdL. Onpeznenute: 1) BHA TpaekTOpuH; 2) )’C:(OgJe”::a:QK
(YHKUHIO Paavyca-BEKTOPa; 3) yrosi Mex/1y BEKTOPaMH CKOpOCTH U yvcxopenmi KaK (!‘)y;“;lil:lza Tl (z{ apﬂﬂam(;)ﬁ
j@.’OnHopOﬂHbm cTepiKeHb KpYTJIOTO CeueHHs paarycoM R, maccoli 1, U IJIMHOM s i
OPU3OHTANILHOH MOBEPXHOCTH. lllapuk pamuycoM R u Maccou my, ﬂBMrz;?ccl;T Tc(c)) X Cpqmag lm;
nepneHAMKYApHOM K CTEPIKHIO, YTIPYTO yzapaeTcsi 00 €ro KOHeLl Ha paccToAHHH pua. ,
R < I, waiigute: 1) yrnoByto CKOpoCTb Bpall€HHA CTepIKHs, CKOpOCTb €ro LleHTp_a_ MHEPLMH H c;<opocm
wapuKa noce yapa; 2) 3aBHCHMOCTb 1071 nepefaHHOM IHEPrHM OT OTHOWICHHA & = m, Lm)__:___
mmasmw 1,8x10°Ma-c. BorancaTh, Kakoi HanGosblunit Anametp d
@ )@ nosKibl MMETD B3BELICHHBIE B BO3AYXE LWIAPHKH nnoTHocTbio p = 103kr/mM>, 4TOObI CKOPOCTb MX NMaACHHS
ne npesbiwana 0,1 m/c. _
OIMH MOfb HIEANBHOTO OJHOATOMHOrO rasa ¢ W3BECTHbIM 3HAYUCHMCM tennoemkocTH Cy coBepliaeT
fipouiecc, MpH KOTOPOM €ro 3HTPOMUs S 3aBUCHT OT TEMMEpaTypbl T kak S = /T, rie @ — NOCTOAHHAA.
Temnepatypa rasa usmenunach ot T, a0 Ty. Haiigure: 1) MOIpHYIO TEMJIOEMKOCTb rasa Kak ¢yukumio T:
2) KOJIMUYECTBO TEMOThI, COOOIIEHHOH rasy: 3) paboTy, KOTOPYIO COBEPLINI ras.
’@_ﬂ_ncx panuycoM R 3apsikeH paBHOMEPHO € MOBEPXHOCTHOI MIOTHOCTLIO O OnpeaennTe HaNpPsSHKEHHOCTD
J 5MEKTPUYECKOro MO B TOUKE, HAXOAALIEHCA HA PACCTOAHMK h OT AMCKA HA NEPHCHAMKYIAPE K MJOCKOCTH
HCKa, NPOXO/SLLIEM YEPE3 Ero reOMETPHUECKHI LIEHTP.
k@ YacTuna ¢ yaelbHbIM 3apsIoM /M ABWXKETCS BO B3aWMHO MEPNEHAMKYJIAPHBIX ONHOPOAHBIX
S1EeKTPHYECKOM M MarHWTHOM nonsx ¢ HanpsokeuHoctbio E = (E,0,0) # uuaykumei B = (0, B, 0).
L Haiigute: 1) 3aBUCHMOCTbL KOOPAMHAT HacTHubl T Bpemenu x(t), y(t), x(¥); cpeaHee 3Ha4EHUE MPOCKLHMH
BEKTOpa CKOPOCTM ra ocb Z 3a OOMbLIOH MHTepBaj BpeMeHH. B HauaibHbIH MOMEHT BpPEMEHH U =
0 moJioXKeHHe yacTHI bl 3ajaeTca paguycom — Bektopom r(0) = (0,0,0), a HauanbHass CKOPOCTh paBHA
v(0) = (0,0,vp).
B onsiTe JInoiina paccTosHHe OT HCTOYHHKA 10 KkpaHa paBHO [. [IpM HEKOTOPOM MOJIOKEHUU HCTOYHHKA
Ha OTpe3Ke JUIMHOM S ykiaabiBaeTcs N; HHTepdepeHLHOHHBIX M0JI0C, a MOC/E YBEAUHEHHUs PACCTOSAHHUSA OT
@ncmquuka 10 3epkana Ha Ah — N, nonoc. BeluucnuTe JIMHY CBETOBO# BOJHBI.
Lo

@ UYacTula ABHKETCS B TMJOCKOCTH X

Y]

3.
\
s, - y%
/2|2 Z N
3 N

o (R e ‘§ >
.a’/z |- %

_L® HaiinnTe npenomnsiowuii yron npusmbl, KOTOpbI OKkasancsi pase Yrily HauMEHbUIEro OTKJIOHEHMS
J1yya, Npoule/lliero yepes 3Ty npusMmy.

A v Ha ckonbko BbITArHBaeTCs cTepkeHb MIMHbI | M3 MeTanna MIOTHOCTH p v moaynem lOura E nop

MAHHEM COBCTBEHHOrO Beca MPH €ro MOABELUMBAHUM 33 OfUH KOHeL? YckopeHnue cBOOOAHOro naaeHus

PABHO g.
. [lo Haknounoii nnockoeTu ¢

M3BecTHo,
3aKoHy k

410 K05 YFJIOM HaKJOHA K TOPHU3OHTY @ HAYMHAET CKOJIb3UTb HEGOJIbLIOA OpYCOK.
=as.H u)(b”u”em TPeHHA Opycka O HAKJOHHYIO MIOCKOCTb 3ABUCHT OT NPOHIEHHOrO NYTH S MO
- TAMANTE Bpems ABuikeHus Gpycka 10 MONHOM €ro 0CTaHOBKH. '
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Konrpoannwas paGora 2 _
13 ” - - n¢e -
1) Marepuanbhan To4Ka IBIKCTCH 10 OKPYAHOCTIE paiyea R co ckopocibio v = vgexp(=s/R). rae s
A= NPOIJICHHBI NYTh, Vo = NOJOAHICALHAN KOHCTANIA, Haitnnre: 1) sanneumocTh xup(;si,'lcnllin:tx nyTM ot
‘ 4 1 . . . - 1 » 1 LY
BPEMCHNS 2) YTO MEAKY REKTOPAMI CROPOCTH I YCKOPCHIA B Npon WOLH B MOMEHT BPEMEHT 3) BETHUMHY
VCKOPEHHS KaK Yy HKIIIO CROPOCTH, o
4 2) OOPOANAR TONKAY NAACTIIKA B hopMe PaBiocTopolnero IPEY TOLIINEA MOACT BpautarLes Oe3 1pe
' i " . . . - s . sler = “ ., : (’
J0KPYT TOPIIONTAALIOI 0cH, cornaialonieli ¢ oanoii w1 ce cropon. Bonenip nokoauiehcs naacTHin t« 1 :
unp\;u:m K HCH ANPATO NAAPACTCH HAPHK waccoil m. Kakoii jloiana ORI MACCa MAACTMIEN, 4TOOM IIapHK
- ')
I0CC V1apa OCTaHORIACSH ‘ _ N .
3 Tan 4anoanset NPOCTPANCTRO MEAY /By MS LTHIHBIMH mmhum‘u.m.nm f.'"“"”'“":'“l‘(’ (pd-‘:”;:'f'd'r;:;;ﬁ:uﬁ
P T » * 10C 01 VIZ10B0# CKOPOCTHIO (). & BHY
Y R, > Ry. M3pectno, 4o BHCIIHI HIAHAD upmuaufn ¢ nu%mmm :"(M‘;\-Ba‘ma“, ¥
AZICPAMRACTCS HENOIBIKHLIM MOMCHTOM CH M. Haiiinte koyppuume Moo 1 :_\._ch o 5 § ps
@ B n0ARTPOIIYCCKOM TIPOIECCC CAATHA OIHOTO MOIA N ILHOTO 123a €ro o0bev yu PUIMAK B .
' : 1 ¢ 0 ' = 2AlU. rae AU — npupaticiue ero BHYTPCHHCH JHEPTHH. A
4 llpu 310M conepiicHias Hal raom padota A= . rae i
Hait1e npupaiiciie Sponium ra3a B a1oM nporecce. IS
(3 beckoneuno mnnntin KpyrOBO LHANIIP PATHYCOM R paproMepHO 3apaAeH 110 | - .. : -
] Taii é Ac o HUMAT DJEKTPOCTATHUYECKOro noad B TOYKE, YIdi1c
< sapaaa p. Haiitn nanpsacHnocth u nore
ACCTOANMK T OT OCH LHANIJPA. o
y , > THOE Nnosie ¢ HIayKuueh B =
o )¢KTpON. Yekopenntii notenumnanom U, npoietact nonepeitoe MarHHTHOE NoJie € HITYKUH
i . TX . 5 1es. Haitmre vroa OTKJIOHEHHA
+(0,0, B(x)). rac B(x) = By sin — - @~ NpOTAKCHHOCTE o0nacTH ¢ noaem. Haiante
HACKTPOHA 0T NEPBOHAYAILIONO HANPABICHHA ABHACHHA.

Y

@UL,,,, IMepeHns nokasateeii NpeJoMICHHS TPO3PaUHbIX BEIECTB HCNOob3yeTes uHTeppepomerp: S —
1 VK@ H1EL, OCBEHIACMAs MOHOXPOMATHYECKHM CBETOM C JUTMHO# BOJIHbI A: | 1 2 — ABE OIMHAKOBbLIC TPYOKK
Junoit [, nanoanennpie sosayxom: D — nnadparma ¢ asyms wensmud. [lpu 3amene so3yxa 8 TpyOke |

HEKOTOPLIM F30M iTepepenIuiontas KapTiia Ha skpate D cmectunach seepx na(y nosnoc. [Nokasatens
npejaomieHns so3ayxa n. OnpeaenuTh nokasareb NPeJoMICHHUS rasa.

N
N

i N

(0, — §
s : N
! N

7 N
| n N
NS

N

I

| @ M3o0paskense npemera noayuaeTes ¢ noMoubio BOrHyTOro 3epkana. [pu onnom nonoxennn npeavera
VBe) [T > . - — I3 r 100 (>
ybe m_“'”“% QL“:“O [ - 0,5, a B N010KEHHH, CMEIEHHOM OTHOCHTELHO nepBoro Ha paccrosinue [ = 5 cm +
- f3, = —0.25. Paccunraiite (okycHoe paccroguue 3epKana.
9 ‘a4 Ay et ! . T - it
y '“. 'l‘lpn .J(‘-)!;[)],;IH/H‘I I:;();la NIPOMIBOANT AaBienne. Haiiinre ee MAKCHMANLHYIO BENHUIHY, eC/H IIOTHOCTD
I~ abdap = (), /¢, nao01octn Boau py = 1 r/cm3 ' ' 6 /cm?
) . , o =1r/cM?, moayan lIOnra E = 2.8 x : X 3
Mysccons) = 0.3, /e, Moayan a 8 X 10°H/cm®, koodpduumnent
- Ha raazxoji 01T " -
/?.I.%\.-,,\-,,.,u W,u:('):i(1upu/wum.u,mm HOBEPXHOCTH Haxo/mics Opycok maccoil m, K KOTOpOMY NpHKpenneHa
b {CCTROCTI . - o
™ AHHBE TICPEMEIIAIOT ¢ OCTOAHIOH CKOPOCTBLIO BOJb
MO OCTANOBHTL ABIGKYULHIICSA KOnew, 4Todbl nocie

i ‘ 3arem cBoBoANLIT Koleny npy
ApysmiL. Hepes kaxoii mivreppas BpEMeIn 1Heodxo
ITOTO Ipy3 He cosepuian Koaedanii?
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Kourpoasnast padora 3 a. 3aBHcaALLasn o7

1. H?. He60nbmoe TENO Maccoii m, nexcatiee Ha r0p||3onTaJ1b|—|0|“| MJIOCKOCT}
NPOMACHHOIO nyTH no sakony F(s) = FoJ1+ s2/R?, a = arctan(s/R) = yrof e on
TNOCKOCTBIO, Fy, R — nonosuTensibie noctosiiibe; kodhuuuenT Tpeiiis paeh e, ycxopett
faneHus g. Onpenenute ckOpocTb TeJla B MOMEHT OTPbIBA OT MJIOCKOCTH.  omoro HanpaBIEHHs.
2. Matepuanbhas Touka YUacTByeT OAHOBPEMEHHO B HCTBHIPEX konebanuax Ol
MPOUCXOAALIMX MO 3aKOHY

1, aeiicTByeT CHII
y BEKTOPOM F n

ie cBob60AHOro

!
k — 1)7t) k=1, .4 %y%\‘,gj\w—\sf \\
x(t) = acos(wt +— ' y e
HaiinuTe 3akoH, omichIBaloLMii pe3yabTHpyollee Konebatue. . Senkd Maccol m W Bobl
3. B unanuapuueckoi ueHTpudyre HaxoauTcs SMYyJIbCHA, cocTosLLas U3 1acTHLl ;

yl'.ﬂOBOFI CKOpOCTBIO W. Ol'lpe)leﬂMTb OTHOLUEHHE UMCIia HaCTHLL,

blO Pg. LlenTpudyra Bpatuaercs €
TOTHOGTHIS fg. Llewpiclyrs op a. [noTHocThL O€NKa paBHa p.,

HAXOJSLIMXCS Ha ABYX Pa3siMUHBIX PACCTOSHHMAX T3 M Tz > T OT OCH LMIHHAD

Temnepartypa cmec paBHa T. 3.3 _
4. OnHH MOMTb 230Ta PaCLUMPSETCS B MyCTOTY OT HAauabHOro 00BeMa V; =1.0x107°m uoBKOI-le:HOI;;)aI;l'zbca
1.0 X 10~2m3. HaiiauTe u3menenue temnepaTypbl AT B 9TOM MpoLECCE, €ClK nonpaska bac-aep

paBHa a = 1.35 X 10°ITa - M®/Moub. ,
5. Ha rpaHuue QManeKTpuka U npoBonHuka |o' /o] = 1/2, rie o' — NOBEPXHOCTHAs MIOTHOCTE CBA3AHHOTO
3apifa Ha QMINEKTpUKE, O — [OBEPXHOCTHas IUIOTHOCTh 3apsja Ha MpoBOAHWKE. BbIUHCIUTDL

IN3EKTPHUECKYIO MPOHULIAEMOCTD AMIJIEKTPUKA. 12 &
6. CTepikeHb AMHHOM [ M Maccoil m, CONpOTHBIEHHE KOTOPOrO MpeHeGPEKMMO Maslo, CKOJIb3UT 6e3 TPEHHS

Mo [ABYM [UIMHHBbIM TpPOBOJHMKAM CeYeHMEM S W YJENbHbIM Y
COMPOTHBIIEHHUEM P KaXKIbli, pacnoylo)KEHHbIM Ha pacCTOSHUU [ Apyr IT 1

ot apyra. [lpoBoaHuku 3aMKHyThl conpotuBieHueM R. Cucrema "
HaxoOMTCS B OJHOPOJAHOM MAarHMTHOM MOJie C HWHAYKuMeW B, R 5+_L’q}.__>”(*/
nepneHauKyAapHOM MIOCKOCTH KOHTypa. B MomeHT Bpemenu t = 0 n l‘
CTEpXKHIO COOOLMIM HayaldbHYIO CKOpPOCTb VU, B MOJIOXKUTELHOM 0 s - =3
HanpasieHut ocu  x. [Ilpenebperass camMoWHAyKLHeH, HaWauTte ()

pacCTOsIHWE, NPOHAEHHOE CTEP)KHEM O OCTAHOBKH, €CJIHK B MOMEHT /

BpeMeEHHM t = 0 KOOpAMHATA CTEPIKHSA X = Xj.

7. Ha ToHkyio nienky ¢ nokasatenem npenomenus n = 1.33 nagaer nog yriom a = 52° napannenbHblii
nyyok denoro ceera. [1pn Kakoi ToNWMHE NIEHKH OTPaXKeHHbIH CBET GyneT Hauboee CUABHO OKpALUEeH B
AKCNTBIA UBET ¢ AMHOM BONHBI A = 600 HM? CunTaTh, UTO CBETOBOH BEKTOP NEPNEHAUKYAPEH K MIOCKOCTH
nageHus. SHA\A M

8. PaccTosnne Mexay 3KpaHOM M MCTOYHMKOM CBeTa cocTaBjsieT [ = 90 cM. Mexny HUMU pacnonaraercs
TOHKa coOMparolLas fIMH3a, KOTopas JaeT YeTKOe H300paKeHHe NnpeaMeTa npy ABYX NMONOXKEHUAX TaK, YTO
NonepeyHbIe pasmepbl 3TUX U300pakeHui oTuualoTes Bn = 4 pasa. Haiiaure okycHoe pacCTOSAHUE M H3bL.
9. Kabuna nudra maccer m = 1000 kr PaBHOMEpPHO OMyCKAaeTCs CO CKOpOCTbIO Vg = 1 M/c. Korpa audr
onycTuncs Ha paccrosHue [ = 10 M, 6apaban 3aKIMHKN0. BbIUKMCIHTE MaKCHUMalbHYIO CUY, ACHCTBYIOULYIO

114 TPOC W3-3a BHC3aNHOH OCTAHOBKM JIM(Ta, eciu NNoLwa b NoNepeuHOro ceuenus Tpoca S = 20 cm2, MoayJb
Onra E'=2 x 10" H/m2. (W

10. Toukmii OAHOPOHDBIA CTEPHKEHb, UMEIOLLMT Maccy m, NOJABELUEH HAa ABYX =g -
OAMHAKOBLIX  HUTAX  juiMHbLl [ = 90 cM. Cuctemy  nosepHysu BOKpYr \ /
BEPTUKAILHOM  OCH, NPOXo o 1% %
» NMPOXOMALUCH 4E€pe3 UECHTP CTePXKHS TaK, uTO HUTH \ I
OTKJIOHUIINCL Ha yron a = 5°. Haitpure: 1) nepuon Konebanuit cucremnl; 2) /| ;‘ l
MOJIHYIO SHEPTHIO CUCTEMD. \
nw L ‘ '

) ——
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Kontpoannas pabora 4
aampoil [ spamacices B ropu3oHTAILHON T/I0CKOCTH C VIIOBOH CKOpOCTBIO &)

NpONO/IANIETi Hepe3 TOUKY A. 1o crepmio Ge3 TpeHns MOACT CKOILIUTD vy dTa
MOMCHT BpEMCIN My naumiact JIBHACHHC 13 TOUKY A €O CKOpOCTBbIO V.
KoTopoe My hTa 0CTHIIET TOUKH B: 2) cuay peakimy CTCpAHs Kak QyHKUHIO

1. I'aaakuit crepaens AB
BOKPYT BCPT MKAILHOI OCH.
saccoli m. B nauaannil
Haiaute: 1) mpems. Hepe?
paccToAnuA 0T TOUKH A.

2. Marepuaanias TONKa CORCPUIACT
eniHas yactota Koaedanmii cuereMel p
i VCKOPCHHA . HalizTe cealh MCAILY YTUMM 4aCTOTAMM.
2. Hafiante naudoaee BCpoaTHY 0 JHCPIHIO HOCTYNATEILHOT O JABHACHHSA MOJICKY] HIICATHHOTO razd. W\
4. Kanuaasp uMeeT suyTPECHHI amaMeTp 0.5 wu. Ero norpyxaioT BEpTHKAILHO B BOIY Tak. uro Hal
pLICTYNacT 4acthb LTHHOI h = 25 mM. PaccuuTaiite paaMyc KpHBH3HBLI  MEHHCKA.

KosdsmitisenT noBepXHOCTHOrO HATAKCHHA poabl g = 7,5 X 1073H - M.J\&'\\, MU

S HaiiTi IHEPIUIO JICKTPOCTATHYCCKOIO 10149 BHYTPH chepHIECKOro  KOHIEHCATOpa. 3arnoiHEeHHOTO
HI0TPOMHLIM JIMIICKTPHKOM € IHIICKTPHYCCKOI NPOHHLACMOCTBIO. w3Menstoleiica no saxkouy £(r) =
JI0K GOOTRC CTBEHHO, T —

(14 (RyRy)"'r?)71. rac Ry, R, — paauychl BHYTpeHHCH H BHeluHeil o0K1a X
a, > A=

paccToAnme J10 LICHTpPa Kon/iencatopa. 3apai BHYTpeHHeil 00KNaKH PaBeH q. m
g i1 Il B B ” o
6. [pasoii MPOROL CIMHKILA [LTHHBI KOTOPOTO HMCET COMPOTHBICHHE p. H3OTHYT noa yrioMm 2a.

Iepesuluka 13 TaKOro e NIPOBO1a NEpreHANKyAgpHa K OUCCEKTPHCE 3TOTO yria i 00pa3yeT C COrHYThIM
APOBOZIOM 3aMKHYTBIi TPEYrosibHblii KOHTYp. DTOT KOHTYp noMeLIeH B OHOPOIHOC MarHHTHOE noJe ¢
miyKimMei B. nepnennkyaapHoii K ero niockocty. lepeMbiuka ABHAKETCA BBEPX TaK. UTO TEMI10BAA

MOULHOCT b, BLUICIAIONIAACA B LICTIH, NOCTOAHHA 1 paBHa P. Haiiuute 3aBcHMOCTb Y(t) BHICOTbI MOaBEMA
nepembiuky o1 Bpemenu, ecin y(0) = 0.

ERIHVAICHHBIC KoacDanua 1o/l JeifcTBHEM TapMOHWYECKOH CHIbL.
Cobcrn ABHA Wo. A JICKPCMEHT 3aTYXaHus — &. Hakiamure peroHaHCHbIE
YaCcToOTh! CMCHICHHA ). CKOPOCIH Wy

NOBEPNHOCTHIO

<

[

z
7. Onruueckas S
. cHerema coctouT M3 N = 6 oaMHak 4
5 OBbIX MOJIAPU3AaTOPOB TaK, Y
an; . » 18 A g e . R
:;;A,J,U!() M3 Tocae/lyIOMMX NoBepHyTa Ha yroa ¢ = 30° no OTHELIJCHMIO K nnﬂoc'\OCTb e,
CALLVIIErO . R ) JIOCKOCTH 1N - .
4 ﬂam’;L o1 qu"‘”PH satopa. Kakas yacTs naaaiouero ecTecTBeHHOro cgeTa MPOXOJMT Yyepe3s PO“}C*\a""ﬁ h
. ! a le'i (. r ” » ‘ 3 , ,
Uwcumm}()cn l\' i ;'u,roqum\ APKOCTLIO L npeiacTaBiageT codoii OECKOHEUHYI0 MmiocK ’ BCHCT&“}.
o » NI0UA/IKH, KOTOpas pacnoaraeTcs napajiiesbHo JAHHOMY HCTO Ot lipeaciTe
- Huamnapuuecknii cocyt BuicoT ' e
; bl h norpy:xen B Bo; §)
e asEE JY Ha r1yOHHY /
10 l](';{li'{o‘ oTBepeTHE Naowwaam o. Onpeaenute Bpems T, ye )e:; o B e cocyas RIDIRINS r{c;zw%mc&,
Haiamre vactory sgrvys . ' ’ koto ay ' N W/W,
IHTC HaCTOTY 3aTyXalOHX KOJeOaHii KOHTYpa ﬂOl\EI'J o pa yroter. < 2 \
\ 43aHHOrO Ha PHCYHKE, CUHTAsA H3BECTHLE ILI‘EIQO

napaMeipel,
LS ,{ﬁ 5-:{_—_ YA 5 \.&,

B
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OA'%’//
Kourponsnas padora 5 .~
1. B rmazkom cocye. imetowenm (popmy napaGononaa BpalleHus, 3aianioro ypasuenuem z = a(x? + y?),
a > 0 — NoCTOSHHAA. HANOAMTCA MaTepHalibHas Touka maccoi m. C Kakoii yrioBoii CKOPOCTBIO HYKHO
B BpALLATh COCY BOKPYT BepTHKanibHOi oci 0Z, 4ToOBI TOUKA MOTJIa HAXOIMUTHLCS! HA €ro CTEHKE B COCTOSIHUM
PaBHOBECHS.
@ Crosiuas BoNHA HAOMONAETCsl B TOHKOM CTep)KHE JUIMHOM [, ooMH M3 TOPUOB KOTOPOro 3aKperuieH.
[TnoTHOCTH BewecTBa cTtepikHs p, moaynb [OHra E. Haiinurte; 1) ypaBHEHHE CTOSMEN BOMHBI: 2) CEKTp
— coBcTBEHHBIX KonebaHHii cTosuei BOJHbI.
@ a3 maccoii m, HaxoaswwMiics npu Temnepatype Ty, M30TEPMUUYECKH paclLUpsaeTca Ha yyacTke AB Tak, uto

* L2 N 4. 3artem ras BO3BpaLLACTCA B HCXOAHOE COCTOTHUE CHa4dala aguMabaTUUYECKUM npoueccom BC, a 3atem
P2
nzobapuueckum CA. Onpenenute paboTy, COBEpIUEHHYIO ra3oM B 9TOM LHMKJIE, ECIM MOKa3aTellb aaiadaTh

rasa paBe€H y. a €ro MoJjispHas Macca — U.

? A
at B c
\r,\
PZ \QLIB
| |
LI S

Vr Yy \7 v

Bo.nb(bpamoaaﬂ HUTh Npu TeMneparype T = 2000 K ucnapsercs B BaKyym Tak, YTO B €AUHHILY BPEMEHHU C
— CannuubI noBepxHocTH TepaeT Maccy u = 1,2 X 10713r/(c - cm?). Boluucnute naBieHde HaCHILLEHHOTO

napa BoJb(paMa Npy AaHHOH Temneparype.

DO0HUTOBBIH 1IAp paAMycoM R paBHOMEPHO 3apAXKEH TaK, YTO MOBECPXHOCTHAA MJIOTHOCTDL 3apsaa paBHa
‘o [Llap npuBOAST BO Bpalle€HHE BOKPYL CBOEW OCHM C YIJIOBOW CKOPOCTbIO w. PaccuuTaiite MarHUTHYO
MHAYKLMIO B LIEHTpe wapa. (B = 0 w 7 Fly
/@_ﬁo AKECTKOMY HENpPOBOAS OMY KpYroBOMY KOJIbLly MAacCOH m paBHOMEPHO pacrpeaesieH 3aps
g. Konbuo MoOXeT BpallaThCs BOKPYr CBOErO HEMOJBMIKHOIO ULEHTpa. BHauane Konbuo NOKOMTCH, a
MarHMTHOE Mojie paBHO HYIIO. 3aTeM BKIIOYAETCA OJHOPOJHOE MarHWTHOE mnone ¢ MHAykuued B, o
/fﬁgpasneuuoﬁ nepreHauKyJsIPHO MIOCKOCTH KonbLa. HailaiuTe yrinoByro CKOpoCTh BpalieHUs KOJbLA. @_J"L
7. CTeneHb NOAApU3aLMK YACTHYHO Mofsipu3oBaHHoro ceera P = 0.25. HaiiTu oTHoleHHE MHTEHCUBHOCTH
MoJIApU30BaHHON COCTABIIAIOILEN STOrO CBETA K HHTEHCUBHOCTH €CTECTBEHHOH COCTABNAIOLIEH.

CBeTHJIbHUK MMEET BHJ paBHOMEPHO CBeTALIEHCs cdepbl paatycoM R = 6.0 cM M pacrnofioKeH Ha
pacctoauuu h = 3,0 M oT noJa. M3BecTHO, UTO APKOCTb CBETUJIBHUKA HE 3aBUCUT OT HampaB/lEeHWs 1 paBHa
T L=20x 10%k1/M?. HaiiiuTe OCBEILEHHOCTL MOJa B TOYKE, PACMONOKEHHOH HEMOCPENCTBEHHO MO.

CBCTHJILHMKOM. — [F = MMk g{H

9 Unnunapuyeckuit cocya paanyca R ¢ HaTMTON B HETO MEANbHON HECHKHMAEMOH KHAKOCTBIO BPALLACTCA
— BOKPYr CBOEi reoMeTpHuyecKoi ocH, HanpapjieHHOMW BEPTUKANLHO, C YIIOBOM CKOPOCTbIO w. OnpenenuThb

CKOPOCTh UCTEYeHHUs CTPYM MHMJKOCTH uepe3 Majloe OTBepcThe B OOKOBOM CTEHKE COCYAa, TaK UTO MpH

YCTAHOBUBLICMCS ABMIKEHUU KUAKOCTH B LEHTPE HAUMHAET MOABIATLCS IHO COCyAa.

10. JlBa wapuka 0anMnakoBoro paauyca a W3roTOBJEHbI W3 METamIa W MOCELleHbl B C1a00NpOBOASLIIOIO

OJIHOPOAHYIO Cpefly ¢ yaenblbiM conpoTuBienueM p. Haliaure conpoTtHBieHHe CPeabl MEXAY LIapHKaMH

[IpH YCJIOBUU, YTO PACCTOAINUE MEHKAY HUMU 3HAUUTENILHO NPEBLILIAET a.

m—
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Kontpoabnas padora 6
1. Yepes oqHOPOAHbIH CNOWIHO#M uunummp paguycoM R u maccoit m nepebpouuena nerkas HuThb. K ogHomy
iesl;g;uzazsz;(izr;nz:z TENno Macc;ou my, a Ha u;zyroﬁ nencTByeT rvopmomanbnaﬂ cuna F=myg(1+
V s YTH S, NPONACHHOTO TOUKO NPUIIOKEHHS ITOH CHJIbl. CKONLKEHHE HUTH U TPeHHe
B OCH UWJIMHAPA uOTC)’TCTByIOT. Haiiaure 3aBUCUMOCTD YTJIOBOM CKOPOCTH BPALLEHHMS LIMIIKHAPA OT BPEMEHH
2. Hsnonmmcubm HaGHlOHaTeﬂb BOCMPHHHUMAET 3BYKOBbIE KOnebGaHus OT IBYX KaMepTOHOB, OIMH W3 KOTOPBIX
npudaMKaeTes, APyroi — ¢ Takoil Xe CKOPOCTbIO yAANSETCs. [Mpn 3TOM HabnlopaTenb CAbIKT OAeHuUs C
yacToToil Av. HaifTn cKopoCTh Kayk10ro KaMepToHa, eCiii YacToTa UX KoeOaHni paBHa Vg, 2 CKOPOCTh 3ByKa
B Cpeje paBHa C.
3. 3aMKHYTbIM UMKJ C UACANbHbIM ra3oM COCTOMT M3 IBYX M30XOp W ABYX aauabaT Tak, 4TO BHYTPH LIMKNA
o6bem namensercs B n =10 pa3. Haiigure KINJI umkna, eciy ra3oM ABJiS€TCA a30T.
4. PaccunTaiiTe NaBeH1e HaCbILEHHOro BOAsHOrO Napa npu Temnepatype 101,1°C.
5. Tlo 6eckoHe4HOI MONOCKE WHPHHOM a W NPeHeOPEKUMO MaOH TOJLLMHOH NPOXOAUT TOK 1. OnpenenuTte
MarHUTHYIO MHAYKUHIO Ha PACCTOSIHUM R OT MIOCKOCTH JIEHThI Ha MEPMNEHANKYIApE, BOCCTAHOBJEHHOM K €¢
ceperHe.
6. T1OCKHiI KOHAEHCATOP COCTOWT W3 ABYX OJMHAKOBbIX METalJIH4YECKUX IHCKOB, MPOCTPAHCTBO MEXAY
KOTOPbIMU 3aMOJIHEHO OJAHOPOAHOH C€1ab0o NPOBOAALLCH Cpenoit ¢ AMIIEKTPUUECKON MPOHHLIAEMOCTBIO € H
yZeNbHON MPOBOANMOCTBIO 0. PaccTosiHne Mexay BHYTPEHHHMH MOBEPXHOCTAMM ANCKOB paBHO d. Mexny
0OKNaZKaMH KOHAEHcaTopa MOMIEP)KHBAETCS MEPEMEHHOE HanpsKEHNe U = Uy sinwt. [Npenebperas
KpaeBbIMM d(deKTamMu, HaliaNTE BENUYMHY HANPSKEHHOCTH MArHUTHOTO nosisi B NPOCTPAHCTBE MEKILY
0b6KJ1aIKaM¥ KOHAEHcAaTOpa Ha paCcCTOSAHUHU T OT OCH.
7. YenoBeK CTOMT Ha Kpaio Gacceiita rnyGuHON h ¥ BUIUT nekawuii Ha aHe KameHb, HaliauTe paccTosHUe
OT BHAMMOFO M300pakeHUs KaMHs [0 MOBEPXHOCTH BOJBI, €CIH Jiyd 3peHHi yesoBEKa COCTaBAET C
HOPMAJIbIO K MOBEPXHOCTH BOAbI yroi 0.
8. [nockas cBeToBas BOJHA, UMElOULas LTHHY BOJIHbI 1 = 0,55 MKM, MPOXOAMT uYepe3 KIOBEeTy C BOJOH, B
KOTOpOi BO30Ys/AeHa CTOAuas y/bTpasByKOBas BONHa ¢ yacToToi v = 4.7 MT'u. Ipu 3Tom B hokanbHOH
nnockocTy obbekTHBa € (POKYCHbIM pacCTOAHWCM f =35cM BO3HMKAeT AM(PAKUUOHHBIH CMEKTp C
COCEHUMH MAaKCMMYMamH, pacrojioKeHHbIMH Ha  pacCTOAHHH Ax = 0.6 MM. PaccuuTaiiTe CKOpPOCTb
pacnpocTpaHeHHs yibTpasByka B BOAE.
9. [1poBoNOKY paauycoMm r; = 1 MM NpOTATHBAIOT C [OCTOSHHOM CKOPOCTbIO Vo = 10 cM/c Baonb TpYOKH
paauyca r, = 1 cM, KoTOpas 3anojHeHa sxuakocTbio BaskoctH 1 = 0,01 a. Onpenenntb cuily TpeHHI f.
NPUXOAALLYIOCS HA €AMHULLY JJIMHBI NPOBOJIOKH. Onpenenute pacnpeieieHne CKOpOCTH TEeHEHHA BAOML
paauyca TpyOKH.
10. YyacTok Lenu npeacrapiseT codoi napainienbHo BKJTIOYEHHBIH KOHAEHCATOp eMKOCTH C M KaTylKy €
AKTUBHDLIM CONPOTHBJICHUEM R U MHAYKTHBHOCTLIO L. HaiiguTe nonHoe conpotysieHue (MOLyb MMME1anca)
3TOr0 yyacrka nepemMeHHOMY TOKY € qaCTOToﬁﬂ;

— /
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£ %\ loixy NOITArURAKT K Hepery 7a Tpoc, BLITAIUEZE €70 C K CTOFHHON CXOpOCTesm U. F2a080 JRapssas J0IiT 2
\‘.10'.1cu‘r. KOF ;12 TPOC COCTARAZET YFoi a € ropuzontou? Bricotz Gepera h. o
@ Jlpe 10aKM IBMAYTCA HA 2aN4]1 W CCRCP cmrmc'r’crec;mo co cxopocTaus 5wt ()";rf‘_—:-_—,;i :;——;E.’;.:;-;- = t-;-:_
4yMepenHas Ha KakIoh v HHX HE Goapie 4 we. Kaxog I#anzios eoMOA LY THEGCHEARL BEIASHRN 7 SINDREOTHEE

CKOpOCTH BETpa”? B o
2.a) Kakopst MOIApHLIC TCILIOEMKOCTH 122 B MOMEHTEL 0OOnESEHHEIE TOSR2UH A

COOTECTCTEYIONME MAKCHMATLHOMY JABIEHAIO ¥ MAKCHUZTEHOMY oFrewy rza? A e vouwz C. neazmed =2

]
w

3 \\E

]

\

IYETDEMME LA TASRSIRND
.

npouecca. Rt =
)acaTeAbHO K KpYry v NpOX0oJAuies Yepes Haualo xoopanHar? [az viea LHeid TPERaTOVEEA.
1
Pl A
/
B
~- C
~
s
0 \
e A OTBETCTEMFOMEH  MZECHMZTILH0H
@ WMzgecTHbl napaMeTpbl MIEATLHOrO OJHOATOMHOrO raza PV, B Touxe A. COOTBETCTEZRIOMIH WMZSTDL ; 7
< i : CMSHESTCE OT20I0W !
Temneparype B npouecce. Kakoebl napaMeTpsl raza P,,V, B TOYKE, B KOTOPOH MOIB03 TEILIOTE! CUSE Z2TC7 OTE
rh
"s
A
=
0 ~-

| 4

3.@ [pocTpaHcTBO MO OAHY CTOPOHY OT NpoOBOAALLE ILTOCKOCTH 32M0IHEHO CPEI0H € MI2IbHLIM CONPOTHEICHHIM D. B
4-cpede Ha paccToaHuu | OT MII0CKOCTH HaXOaWTCA MeTaLIHyeckHii wap paamyca 7 K [ Paccumtaiite cOmpoTHRISHKE

eIbl MEAKAY 1APOM M ILTOCKOCTBIO.

MseeTca n maeatbHO NpoBOAALMX Ten B Bakyywme. M3pecTHo. uTo mpH 32piiax g;. gz. Q3. -... g; HX NOTSHUATH

aauu ®1. P2, P31 --o» Ppn. Kakas Teniorad MOWHOCTL OYAeT BBLICIATBCA B MPOCTPAHCTRE MEATY HHMM. SCIH &T0

3aMoJHUTh NPOBOAALIEH KHMIAKOCTHIO C YAETbHbIM COMPOTHEICHHEM O M TMIICKTPHYSCKOH MPOHMUASMOCTHIO £. 3

OTeHUHATb! Te NOMAIEPKHBATE MPH MPEKHHUX 3HAYEHHIX?

4.@ [Moxsec MaTemMaTH4ecKOro MasTHHKA 3akperuieH Ha moacTaeke. [ToacTaBka ckaTeipaeTcs BIOIbL INSPOXOBATOH
+ HAKIOHHOH naockocTH (Kod(pHuneHT TpeHua p). Yrol HAaKIOHa ILIOCKOCTH a > arctgu. Omnpeieaure nepuol

KOJ1Ie0aHHI MagTHHKA, CUMTAd X MATIBIMH.

6) o mepuamnany 3emau nepeMelaroT ¢ MOCTOAHHOH CKOPOCTBIO MAsTHHKOBLIE YaChl C MOTIOCA HA SKBATOP 32 BPeMA

T=6 u. 3aTeM WX MOKa3aHWA CPaBHUBAIOT C MOKA3aHWEM KOHTPOIbHBIX 4acOB, CTOSWIHX Ha nomwoce. Ha ckoaeko M B

KaKy10 CTOPOHY OHH pazauyatorca?

5. a) TouyeuyHblii MCTOYHMK CBETA HAOMIOAAIOT uepe3 MUI0CKONApPALIEIbHVIO CTEKISHHVIO ILUIACTHHY LUMPHHON /1 H

nokaszarenem npenosieHus n. JlelcTBUTesbHOE pacCTOAHHE OT HCTOYHHMKA 10 miacTHHbel d. KakoBo wakyiueecs

PaccToAHUE OT M1aCTHHBI 10 UCTOYHHKA? KakoBa Kakyluascs ToaHHa niacTiHbl? OTBeThl 00OCHOBATH.

0) Cornacio npunuuny [okireHca, kakaylo TOYKY (poHTa CBETOBOH BOJHBI MOKHO PaccMaTpHBaThb KaK HCTOYHHK

J BTOEHHHI;I.\’ BOJH, a (DpPOHT BOJIHBI B JI00OIH MOCIEYIOLHI A MOMEHT BpeMeHH Toraa OvaeT MpeiacTaBisTb coloii
oruoatoumyio  (GpoHTOB BTOPHYHBIX BOMH. BbiBeauTe, nonp3yack npHHUMNOM [joiireHca, 3aKOHbI OTpaKeHHs H
NPEIOMACHHA, H OOLACHUTE SABSICHHE NOJHOrO BHYTPEHHETO OTPAKEHHS.
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COICPKHT B cede N LIapHKOB MaccChl m. JeRauiHx Ha JHE He Kacaicb apyr

|. KpaapaTnas KOpOOKa C FIaAKHM AHOM
FOPH3OHTATLHOI MOBEPXHOCTH. KopoGKy HauHHAlOT 1ABHraTh PaBHOMEPHO CO

apyra. KopoOka H WapHKH nokosTcsa Ha
CKOPOCTHIO V H. CTYCTA HEKOTOPOE BpeMs, Pe3KO OCTaHaBIHBAIOT. )
a) Yemy OvaeT paBHa Cpeanas KBaapaTH4YHas CKOpOCTb wapHkoB? OTBET 00OCHOBATD. )
0) J111Ha CTOPOHbI kopoOkH a. Kaxkosa Gy.J1eT cpeaHss CHia 1aBNeHHs LIApHKOB HA OZIHY H3 CTOPOH KOPOOKH?
" 2.@ MpH BIZKHOCTH BO3IYXA 30% HeKOTOpOe KONMHYECTBO BOABI H3 COCYAa ucnapsercs 3a 4ac. 3a Kakoe BpeMs OHO
' cnapHTCs NpH BIAKHOCTH 50%? Temnepatypa H (z:?rcyzx Te Ke€.
@ TpH BepeBKH LTHHAMH L, =1-3512. b wls =?'l2 CKperuieHbl KOHLAMH H GpolleHbl B Bomy — €€ KodhpHUHEHT

ﬂOBEP.\HOCTHOFO HaTa/KeHHA 0. 3areM BHVTPb HHX nodaBnalOT BELUECTBO, KOTOpPOE€ H3MCHACT RO3¢¢HUHCHT

NOBEPXHOCTHOrO HATAKREHNS 10 0. KakoBa CHAa HATAKEHHS KOKIOH BEPEBKH?
A

B
J_S.@ JIBa KOHLIEHTPHUECKHX Kojbua pammycamH R u R + AR (AR & R) wHecyT 3apanbl: q
KOB NOTEHUHAT MOJIS Ha OCH CHCTEMbl HA PACCTOAHHH Z OT LICHTPA CHMMETPHH cHCTEMbI?
B BeplHHax KyGa CTOPOHOIi @ pacnonokeHbl 3apsibl q W —q TaK, 4TO B coceHHX BEPLIMHAX HAXOAATCA 3apsibl

NPOTHBONO:I0KHOrO 3HaKa. KakoB noTeHunan nons Ha DOMbLIMX pacCTOAHHAN OT cHcTeMbl?
4. a) BbIYHCAHTE B3aHMHYIO HHAYKTHBHOCTb MEKIY ABYXNPOBOLHOI aunueii AC M KBaapaTHOM pamKoi mmn. NBe

CTOpPOHBI KOTOpOii mapanjenbHbl MPOBOAAM JHHMH W paBHbl b = 40 cM. umcno sutkos pamkn N = 100.
B3amnmopacrnonozKeHHe THHHH H PAMKH YKa3aHO Ha PHCYHKE. Pa3mepbl JaHbl B CAHTHMETPaX.

BHYTpPEHHeE H — ( BHELUHCE.

| 80

IS

)
X

m n

40

S

@Ha TOpOHAATbHbII cepaedHHK (1 > 1) ¢ Y3KHM 3a30pOM HAMOTAHbI ABE KATYLIKH, KAK MOKA3AHO HA PHCYHKE. Tounvle
W3MEpeHHs  CAMOMHAYKUMM  KaTylWlek Janu  3HaueHus: Ly = 0,152 TH,L, = 0,385 1. Karywku BKIIOUYHAH
NOCIE0BATELHO, MPH 3TOM HHAYKTHBHOCTb OKasanach pasnoii L = 0,945 'H. Ouennre W3 3THX NaHHBIX Kakas 10As
MarHHTHOrO NOTOKA PacCeHBAETCs U3 CEp/eYHHKA.

R —— . P "
5. Konmueckuii MasTHHK npeacTaBnseT co6oii HeGOMbLION WAPHK, 3aKPENIeHHbIH Ha KOHLE cTepkHa anuuoit L. Jlpyroi
KOHELl CTEPK Y & i )

Ll CTEPZKHS NPHKPENAEH WAPHHPHO HA MOABECE, YTO MO3BONSET €My BPALATLCs B BEPTHKANLHOI N10CKOCTH. [lonsee

BpALLAatoT € YI’10BOH CKOPOCTbIO . JIErKuM Ton4KOM CTep/KEHb OTKJIOHAETCHA OT BEPTHRAIbHOIO NOMAOKRCHHA.
@ B kakom nono:keHHH YCTAHOBHTCA CTep}KCHb?

D120 (v e : i
) Kakos Oy1eT nepnoa koneGamnii MasTHHKa OTHOCHTENBHO 3TOTO MONOKEHH:?
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weiica B cBoOOJNIOM KOCMHHCCKOM NPOCTpaHcTBe €O CKOPOCTHIO Vg, HA HEKOTOPOC Bpemsl
ra30B OTHOCHTEJILHO PAKETLI paBHOMEPHO

IKTHBILIC  ABHTATCIH. CkopocTh HCTCHCHNS
VRCIMINBACTCA € o 1O 4. Onpenenre KOlEUNYIO CKOPOCTb PaKeThl, CClH o& Macca 32 BPEM# pa3roHa ymMeHbLMnack b

2 pasd. H \,'CKOPCHIIC ObU10 OCTOAIDIM.

1. a) Ha paxere, ABIDRY
BROIOUANOT p(l‘ll'ﬂlllll;lc pet

6) Tonkan UCTIOUKA uinoii [0 MACCOH M cloXKeHa KOMMAKTHOM KyuKOil Ha epoxoBaToil MOBEPXHOCTH c
0 C MOCTONNNOH FOpH3OHTANbHOH cunoit F > umg. Kakoi

ROO(PPHIUICHTOM Tpeuns fl. Llenb TAHYT 34 kpaiinee 3BCH
na oHa noaHocTbio pacnpm\mTcsl? 3pcHbsl LlEMK BOBJICKAIOTCH B NBHIKEHHE TN00UEPENHO,

GyaeT CROpOCTDL ueni, Kor!
NOMEPCHIbIN JBIDKCHHCM 3peHbLEB LEITH MOXHO npencOpetb.
¢ annuoii pebpa | cM CONCPKHUTES aprou (45Ar) npu HOpMAJILHBIX ycnosuax. Onpeneaure ¢
1) uncno CTOJIKHOBEHUIT B CCKYHIY, HCBITHIBACMBIX OTAE/bHBIM aTOMOM reauns? 1)

2. 2) B KyOHUeCKOM COCye
TOMHOCTBIO N0 MOPAAKA BEHUHIbL.
Upesio CTOAKHOBEHHIT aTOMOB € ONHOIT H3 CTEHOK cocyaa B cekyHay? 9(])(|)e|<TuB|»lblﬁ panguyc aroma aproHa npumMuTe

pastbim 7,1 1071
6) JaabnocTh BUAHMOCTH B NbINEBOIT B3BECH,
I, = 40 M, a B kyOomeTpe BO3AYXA COACPKHTCA M = 0,0

B KyOOMETpe BO3JyXa, ecli paatyc yacTHL 75 = 10 MKM, @ JaJIbHOCTD BH
p] - ) - , ~
3. a) YUeTblpe METAUTHUECKHX MIACTHHDI (puc. 1) noaKIIO4AIOT K MCTOUHHUKY HANPSHXKEHHA V. 3aTreM nouiaroBo W3MeHsoT

CXEMY. Kak YKasaHo Ha pHCYHKAX — cnepea yaansior npoBoA, COC}IHHSIIOLLlHﬁ cpenHue niaacTHHbI, MOCE leaJ’lﬂ}OT
HCTOYHHK H 3aMEHANOT WCTOUHHK MPOBOAOM. Haiante pa3sHOCTH noreHuHanoB MeXay KayKOAbIMH coceJHUMH

NNACTHHAMH.

I il

= D — (
[ T_ \
) Puc. 1 Puc. 2 Puc. 3

©) Onpenenute CHIy Ha €AHHHUY IUTHHBL € KOTOpOii TOHKMI OECcKOHEYHO JASIMHHBIA MPOBOA MPUTArMBACTCA K

fecKOHEUHO JUTHHHOMY 3a3eMIEHHOMY UHIHHAPY panuyca To. HaiiznTe NoTeHUHA TOHKH A.

A

cocToslICH M3 HEMpo3pauHbiX HacTHLL panuyca T; = 4 MKM, COCTaBNAET
5 r peuiecTsa nbutd. CKOMbKO TaKoro 3Ke BeLLECTBa COAEPHKHTCS

anumocty [ = 20 m?

-

|

o
%

a

4. a) OnTHyeckas ‘ o

Matﬂ)}puma . n;KaCMCTer\la npeacrasaset coboil N = 2019 wapukos, kacaiowmxes Apyr apyra llapb! BLINONHEHD

e el satenem npenowsienus n=2. Paauyc wapos R. MCTOYHHK CBeTa pacronoXKeH H -
M yaanesnn. OnpesesuTe MECTOHaXOKACHHE H30BparkeHHs i IQEH GHEREUER £

-

J

' 2 2019

0) HMcrounuk ceer
a4 HaXOAMTCSl HA pacc
Pl Tt o pacctosiiuu d oT coBupatoLeii
eTes ban palowiel NuH3bI, ero u3obpakeHue —
5. 3 Bpaweme 3’:3““ HPHZI:)CI)“(:: CKOpOCTbIO V; BAOJIb ONTHYECKOI OCH K’aKOBO ycxogeu\ue U300 o PaCCJO“““” 4
’ ! K OTKIIOHEH} : proter
pepTHKaIH. Ha ckonbk 1O TPACKTOpHK B
‘ o ) ONHO
e CMCLUCHA OKa3bIBAETCH TOUKA — MECTO § . Bifitinn © xexondi
‘ N —— nanexus tena? BeicoTa ¢ kKoTopo#
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BIX OMOpAN YKperiena 6aika. PaccTosHie MEKILY COCCaHMMH Ofl0pasH 0IHHAKOEO. Oana
ack. JL18 VAYHILCHNS YCTONUMBOCTH COOPYKCHWA MPE/LIaraioT paspylinTe Onopy ¢
KOTHUCCTBEHHO Pa3yMHOCTDh NPEANONOACHHS.

1.£) Ha yeTHIpeX BEPTHKAILH
w3 onop (KpaiiHsa) O8I0MMA
DOTHBOMOIOAHON CTOPOHDI. OGocuyiite
| |

— :

I ‘

f i [ 1)
! v

—

[

@ Ha 2asIOHHOH MUTOCKOCTH
TpeHus MEATY OPYCKOM H TLIOCKOCTBIO JTHHEHHO H3MEHsieTCa BIOIb €ro
sioaHeM Kpaw. [1pH KakoM MakCHMTbHOM yT1€ HAK10Ha MII0CKOCTH OpycoK
2.2 MeAIr HEnoIBHAHON CTEHKOH M MAacCCHBHbBIM MOPLIHEM ABH/KETCH
vapyTHe coyiapeHus. Ero cKopocTe v HanpaeieHa no HOpMaiH K NOBEPXHOCTAM.
nopiuten | MeLTeHHO H3MEHAeTCs H3-32 nepeMelleHHs MOpLIHA. Haiitn agHabaTH4YeCKHH HHBApHAHT ABH/KEHH

&y uxunn f (v, [). ocTaroweiica NpuOAH3HTEIbHO NOCTOSAHHOI C TEYEHHEM BPEMEHH.

AEKHT OHOPOIHBII OPYCOK UTHHOM [ M BHICOTOH h. Macca opycka m. Kosbduunext
JUTHHBI OT [f; Ha BEPXHEM Kpaw 10 Y, Ha
ellE MOKET He COCKAIb3bIBaTh C HeE?

HeDO/IbILIOH LIAPHK. HCMBbITHIBAS C HUMH
PaccTosiHHE MEKIY CTEHKOH H
a4 — BH1

4 7

4 ;’

5 z

4 vV ,// 4
: b }«é' 4
¢ |
=

A— Z

£) B TpyGke. coeaMHEHHBIH C €€ KOHUAMH ABYMs OIHHAKOBbIMH MpPYAKHHAMH skécTrocTH k KonedneTcs WwapHK Maccol 71
¢ aunauTyvIoii Ag. TpyOKY MeLIEHHO pPAacKpy4HBarOT BOKPYT fMonepe4YHol OCH. mpoxoasiueii yepe3 €€ CepeauHYy.
HaiiauTe 3apucumocTb neproaa T(w) v aMILIHTY bl KoedaHHH A(w) WapHKa OT 4aCTOThbI BpalleHHs TPYOKH @.

|

D)

N
§

ol B - ’ N
9 D/
R 117A 4 2827320

] /77

= = "
3.%) DackTpuyeckuii AMN0b C AMMNOTLHEIM MOMEHTOM P HaXOJMTCA Ha PaccToAHHH h OT mpoBoasWei MIIOCKOCTH. a
ero Hanpaeienue coctasaser ¢ Heil 45°. C kakok chioH (Mo BeNMYMHE W HAMpaBIEHHIO) B3AHMOIEHCTBYET AHMNOIb C

M10CKOCTBLIO?

=l

n B

TIT777 77777 77777777777

e
(6f Kakyio hopMy MmeioT cuiaoBble IMHAM Annons? 3anHumTe BUL YPaBHEHHA DTHX KPHBBIX.

4. a) Ioctpoiire rpadmk BAX w4 yuacTka lenM, NpeacTaBieHHoOro Ha cxeme (puc.l). BAX KaK10ro H3 JAHOAC
npejicragiaen ya rpadmke (puc.2). Cuutarth M3BeCTHHIMH Bennuuty Ug 0 conpoTHBACHHE KAKIAOTO W3 PE3HCTOPOB - !
He 3a6yabTe 0603Ha4HTI, KOOPAMHATL XaPAKTEPHBIX TOHEK (DKCTPEMYMOB, H3OMOB) Ha rpaHKke.

- — e o ——
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0 Uy U
pue.1 puc.2
@BAX BYX HEJMHEHBIX 2IEMEHTOB NPEACTABEH Ha MPHIIOKCHHOM rpadpuke. Kakos TOK B nenu? R = 100 Om
I E =)o
!
R

5.@) Kakue 1Ba TMna COOGCTBEHHBIX MPOAONbHBIX Konebanuii MOryT 6biTh BO3OYIXKAEHBI B JIMHEHHON MONEKyne CO0,.

KakoBO COOTHOLLEHHE HX 4acTOoT?
0} C 0
QRT3 TTHIT P

6) CTCP}KeHb, nonsemequlﬁ 33 J1BA KOHLA, BBIBOAHTCS M3 MOJOKCHHUA paBHOBECHS HMTIYJIbCOM CHUIIbI D, ﬂpHﬂO)KeHHbIM
K OJHOMY U3 KOHLIOB H HanpasJ€HHbIM MPOU3BOJIBHO B I‘OpHBOHTaﬂbHOﬁ nnockoctd. OnuuKTe nanbueﬁmee JNBHXKEHHUE

CHUCTEMBI.

Tz
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MY (Xp-t3)
dK3ameH Neo5 W%

1! @ Wap macen m naneraer na HENOABWKHLI LIap Takoil ke Macew co ckopocTbio v. Ipu ynape Tena tepatod 50% ot
MaKCHMANLHO BO3MOMXKHOL norepu 3uepruuﬁ1pn TakuX ycnosusx. Ecnu ynap 6uin 6 HEUEHTpasblibiM, TO HA ‘kakOW'yrodi

MOT Obl OTKNIOHHTLCA OT cBOEHi TPAGKTOPHH HaneTaloWwMi wap? Kakos Mor Gui GbiTh makcmanbHblii yron MEKAY
Hanpasnennsmu pasnéta wapos?

+Q HeGonbuwoe Teno m
eKawmyo wa crone
B3auMonelicTeia?

4 2.@Ha nnatqopme. ABHXKYIICHCS NO FOPH3OHT
PaKeTHbI nBHraTenD.
[pu HEKOTOpOM
YCKOpeHHeM Hesap
YCKOpeHue.

Tenexxka maccoii M IBHXKETCH ro
Naowanbio nosepxuocTy S. HagcTp
3eMIH. Yueno necunnok B euumue
O LLHT U COCKANB3bIBAIOT HA 3EMIIIO.

Accul My NBIDKETCS NO CTOJTY CO CKOPOCTHIO Vg, HAEHKAET M iepeemKkaeT uepes ropky Macchel 72,
W Hesakpenn€unyto. Bee nosepxnoctu rnaakue. Kakogbi CKOPOCTH Tena M ropku Mocje

ANLHOM LIEPOXOBATON NOBEPXHOCTH, YCTAHOBMEH
PEAKTHBHASA CTPys KOTOPOro HANpaBsieHa BBEPX MOA YIJIOM & K BEPTHKANMU. a(t)
3HaueHnH KoddduurenTa TpeHus nnathopMa ABMIKETCA C MOCTOSHHBIM &
HCHMO OT MaccOBOro pacXxoja TOMJIMBA U CKOPOCTH HMcTeueHus. Haiiaute 510 @

T
pu3OHTaNbHO 6e3 Tpenns. Cnepean Teneskkw YCTAHOBJIEH BEPTHKAIbHBIH LWKT C
€Y TENCKKE FOPU3OHTAILHO JIETHT MOTOK MECUMHOK CO CKOPOCTHIO ¥V OTHOCHTENILHO
o6béma 1, Macca Kaxxaoh necynHku M. TlecumHKH aBGCoNoTHO HEeynpyro yaapstoTcs

HauanbHas ckopocts Teneskku V. CriycTs kakoe Bpems Tefiexka oCTaHOBHTCS?

o . - v,

3.a) HaiiauTe oTHowenue AMIVIMTYDl HaNpsKeHUs Ha Bbixoae W Bxone K(w) = “;—"'", v caur ¢asbl @(w) BLIXOAHOrO
BX

CHrHana OTHOCHTENbHO BXOAHOTO. Ilpn xakoM OTKNIOHEHUH Aw 4acTOThbI BXOAHOrO CHrHana OT COBCTBEHHOM HAaCTOTbI

- . _ 1 Nel .
KOHTypa w, = Jic AMIUIHTYNAa BBLIXOAHOrO cHrHana Oyner cocTaBiATh —  OT MaKCHManbHO Bo3MOkHOH? L =

0.1 mMIH,C =100 MK®,R = 100 Om.

L
N e
BXO % { R BbIXO1
F— —

- . Vv,
©) HaiinuTe oTHOlEHHE aMMNUTYA HanpsKeHHs Ha BBIXOZE M BXOJE K(w) = ;/W u casur dasbl @(w) BLIXOAHOIO
BX

CHUrHajia OTHOCHTEJIbHO BXOAHOIO.

C

P ||
| r3
BX0/1 R :E (' BBLIXOJT
& r)

1
f
n3o0pakenns f Teneph OTCUMTBLIBAIOTCS OT ABYX Pa3HbIX MOCKOCTEH, HA3LIBAEMBIX NIABHBIMH MIOCKOCTAMH CHCTEMbI.
i cucTembl, COCTOALLIEH M3 TOHKMX MH3 ¢ (JOKYCHBIMM paccTOAHUAMH Fiu F,, pasBeagHHbIX Ha pacctosmue [,
onpeaesuTe NnojokeHue 3TUX rniockocTed U GokycHoe paccrosiue cuctemsl F.

0) Haiaute nonowkenue rnasubix nnockocteil W (hJOKYCHOrO paccTOSHMA ANs WApa PamuMycoM R, BBIMOMHEHHOrO M3
mMaTepuasia ¢ 1oKa3aresieM NpesioMIeHUs n.

= N 1 1
4. a) Ina cuctembl NUH3 Takke AeicTByeT JopMyia TOHKOW JHH3BI: 7 T 7 =7 o paccrosnus 10 uctounnka d W 10

5. @ CKOpOCTL HEKOTOPOH yacTuLbl cocTasnger 3/5 or ckopocTH csera. Bropas uactiua obnanaer B 3 paza Gonblueii
9HEPTHEIR H NMPH ITOM B 4 pasa Gonblunm umMnynbcoM. HalTu oTHOlLEHHE MacC YacTHLL.

I_lBe PCAATHBHCTCKHUE YACTHLDI ABUIKYTCH B na60paT0pHoﬁ cucteme oTcuéra B NPOTHUBOMOJIOAKHBLIE CTOPOHbLI CO

1 ) o a ~
CKOPOCTAMH EC H ‘,;C. Onpenenm‘b CKOPOCTb 4aCTHL, B TOH CHCTEME OTCUCTa, B KOTOPOH OHH 6y11yT ABHUraThCs B
[1p0THBO[]0J’lO}KHbIC CTOpPOHDI C OIIMHAKOBOM MO BeNHUHHE CKOpOCTbLIO.
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| S —————
iz [£p-24
JksameH Ne6 7~
\. a) CKaTupliMeh € LIEPOXOBATOH FOPKH MPOM3BOILHONO npodi1a Te1o odperaet cKopocTh Uj. Cratustuuch €
«BWTAHYTONY B 2 pa3a no ropu3oHTatt TaKOil 7K€ LUEPOXOBATO FOPKH. Te10 00peTaeT CKOpoCTh V. Kakyio ckopocTh V3
1en0 o0peTéT npu CKaTbiBaHWK C {LIEPOXOBATOI TOPKH MO10GHOTO we npodHIs. HO «BLITSHYTOrO» B 184 paza o
peprukann? Kpususuy NOBEPXHOCTEH CYHTATh JOCTATOMHO MalOH. YTOOBI HE CO31aBATL CKOIBKO-HHOY b IHAYMTEILHOH
1HeNTPOOEKIHON CHIDL.
6) HaknoHnas nA0CKOCTb C YFJIOM HAKJIOHA & NIABHO MCPEXOINT B rOpH3OHTAILHYIO MOBEPXHOCTb. Ha Haxionnoi
[UIOCKOCTH CBHCAeT, A0CTaBad OJHHM KOHUOM 110 FOPHIOHTAILHOI MOBECPXHOCTH. M YICP/KHBACTCA 32 BEPXHHI KOHEU
1 TpocHK inibl L. 3aTes ero oTnycKalor. Kodddpuument Tpenna Ha Beex MOBEPXHOCTAN y < arctga . Cnvers kakoe
BpCMA OH OKa3bIBACTCS LECAMKOM Ha ropu30HTAILHOI NoBepXHocTH? [IpH KakHX 3HAUCHHAX K03 pHUNCHTA TPCHHA OH HE
crocofell cKaTUTLCs 1eTHKOM? '
2/4) Tpy rpy3a neskat Ha FIAIKOI FOPH3ONTAIBHON MOBEPXHOCTH. 00bEAHHEHHDIE B CHCTEMY, MOKA3AHHYIO HA PHCYHKE.
-f Mx macchl my, mp umsy. Tpy3y Nel yaapos coobumén umnyabe p. Kakopbl CKOPOCTH TpY30B CIYCTA KOPOTROC BPEMA.
Kora HX JABIACHHC 10CAE Nepepactipe/icnieHs HMIyIbea CTaHeT pasHoMephbiyM? HiTh HEpaCTAHMA M Hit B OMH
momenT He Obina ocnabaena.

3y L2 0
p

*.@ JlBa Bepa ¢ BOAOH, BUCHLLIC HA BEPEBKE, NEPEKMIYTO teped 610K, HMEIOT MACCH My W Mg > My, Beapy macem my
COOBLIACTEA CKOPOCTh Vg, HANPARICHHAS BHMI. B 9707 Ke MOMENT NAUMHACT HATH J10AIL H MACCA KAAIOTO I3 Beaep
PACTET CO CKOPOCTHIO ¢ KT/C. CHyCTs KAKOE BPCMA CKOPOCTH BEACP 0GpaTHICA B HOL?

~ 3. 2) Oana cTOpoHa TOHKOI MeTaranyeckoii naacTuiky ocpeena Coanues. Tpn Tewneparype so3ayxa Ty ocBeuieHHan

CTOPOHA HMEET TEMNCPATYPY Ty . NpOTHBONOAIOKHASN — T, . Kakunin Oy 23T 3HAMCHHA TEMNEPATYP, CCIAH BISTh M1ACTHHY
ABOITHOIN TONULNHBI?

Ccpepiueckiii Kycok apaa paanycom R =1 ey norpyaén B GQIbWNIO Maccy BOAW ¢ Temnepanypoit 10°C.
TenaonpoBOAROCT BOALI npiMuTe pashoii k = 0.572 Br/w°C. yaeabHas Tenioma nIaeieHHs bia q = 3,35-10°
JLk/kr. B TeueHie Kakoro Bpenen 118 pactaet?

4.(a} Hanpsskenne nerounnka (8 Boabtax): € = 2 + 3sinw,t + 4sinw,t. Hanpkenne Ha pesnctope R, (8 BOILTAN):
U, = sinw,t. Ry = 3R,. Cuntas Bce NpPEICTARICHHBIC BbILIC BCTHYHHBL A TAKAKC HHIYKTHBHOCTL KaTyUIKH L,

N3IBCCTHLIMH, HAANTE EMKOCTH KOHACHCATOPOB.
L,

~ 0) lpu pesonance Tox B nocnenosarensHoii RLC-uenu pasen 0,1 A npn Bxoanom nanpsketits 12 B. JloGpotnocTs

KoHnpaQ =3 HAHT WE cex ane N
onmypa Q 2;) Haiinnte HanpsskeHite Ha BCeX 2eMEeHTax UenH o CHTV TOKZ LCITH NPH TOM 7Ke BXOIHOM HANPSKCHUN W
HacToTe W = 2a,. |

-3. a) Ha rpadure n3olpane . . - .
: })” lp fd"_"“ H300PARCHA 3aBHCHMOCTD KOIPOHUHSHTA NPONYCKAHHS TUIEHKH TOAIMKON ¢=[.0 MRM, OT BEANMHKBL
/A TokazkuTe, 4T0 NOKA3ATE b NPEIOMICHHR NIASHKH 33BHCHT OT THHbI BOHBL, Kak n = B /A. Haitawre seamgy B
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- 6) Ha noBepXHOCTH >XMIAKOCTH TMJABaeT TOHKAs JIMH3A. [Tox

! bi.s S &
i
Pl NENUIIUNIS BRSPS S bt
— H

fomvey
. t

aszaresib MpeioMaeHns MaTepuana JIHH3bI n. [lokazarens

NpenoMeH!s JKUIKOCTH Mg > n. Onuwute HHTEPHEPEHUHOHHYIO KapTHHY, HabogaemMyto B JIMH3€ CBepXy B
OTpak€HHOM MOHOXPOMATHUECKOM CBETE UIHHOH BOJTHbI A. '

ZLXR]
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OtBernl: KOHTpPOJBLHAN paboTa 2
2

1.1)s(t) = RIn(1 + vyt/R); 2) 0.75m;3) a = %\/f
2.2m

3
3 MRZ-RD)

" 4MRZRZw
4.AS = —gln B
S

2

. Byd 2e
6.sina = — |[—
T mu

7.n, =n(1+ NA/I)

N
8.F = = 2.5cm

_ Po—P _ 4
9.P = E—2po(1—2u) = 2 X 10* atm

10.t = ml\/% n=135...
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Otserni: KOHTpOJIBHAN pabora 3

lLv= JZgR (1 - ";f)

3+V3

2. x(t) ——acos(wr+—)
n(rz) _ mgw?(rj-rf)
3. n(ra) =ex p( 2kT )

a 1
4.AT——V(V—1—Z) = 0.25K
5e=2

6 (x0 +55) (e (G25) — )
7.h = %(nz —sin?a)” 2(Zm —1) =0.14(2m — 1) MM

__Wm
8.F—(1+ﬁ)2—20cm

9. Bpax = mg + vy ’mer.s:: 21 x10°H

_ 1 mgta
10_T—27IJ;—1.1C,E— ~— = 0.05 [Ix
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OTBernl: KONTpOALHAs padora 4

_ 1, wl v ). - 2 242 442
l.l)t—wlnvo(1+ /1+w2!2 ,,2)N(x)—m\/g + 4w?v? + 4w'x

2

w
2. w=+JwE —262: w, = Wy, Wg = ——; W, = \/Ww,3.
’m%—zﬁz

3.-:-kT
4. R = 29 - 0.6 MM
pgh

_ kq*(Ra—R,)
6. W = ST
6. y(t) — (9Ppcnsa(1+sina))1f3 tzﬁ

8B%sin?a

7. %cosz(""‘n @ =0.12

8.E=mL
S h-h
9. 7=""7-=2
o‘,f'z_gha
1 1
10. w = -
LC 4R2c?
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KonTpoabnas padora 5
l.w = ./2ag
2n-1 |[E

2. y(t) = asin(kx — kD) sin(wt = k1); 2) va = == |-

y-1
3.A =%RT1(ln4+ﬁ 1—4v ]+1_41—1/}')

4 p=u 2’;’:1":0.9111'13
HowOaR

5.8 g"

6.w=—

p 7

ety

8.E ="0- =25k

9.v = wRV2

10.R = 2
21
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KonTpoasnas pabora 6

[

o= ()" ()
m+2mq 3

In(ry/ry)
2 212
10. 7 =J R2+w2L

(wWRC)2+(1—-w?2LC)?

2
_ v
2.u (f1+(vo) —1)
3.1— n1 ¥ =0.6
4.1,04 aTM
5.B= —arctan—R
6.H = E[JCOS wt — €€yw sin wt |
. ncos® 6
7.0 = (n2—sin2 §)3/2
Avf
8.c= i = 1.5km/c
9. f= 2% _ = 2.7 x 107°H/cM, v(r) =

In(ry/m)
O In(ry/ry)
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Orsertbl Nel

la.a =tg’a

16.Vmax = M

V2
360° — arcsin =

; = 540m/c. Vmin =

307° a0 270° + arcsins ~ 323°.

5=v7)m a
. S 1,67 m/c. Bo3moKHble a3MMYTbl HaNPaBneHuid oT

2a.C(A)=Cp.C(B) =Cv,C(C)=Cv+R/2

26.p, =20y, =24

14y’ 2

1+y

3a.R = £

AME,T
Y¥qip;
Egit

36.N =

8a.T = 2n [——
T grnsn:l'p’+1

46.T' = T(l —-""":"T"’“:R)

OrtcranyT Ha 55,8 c.

5a. PacCTOAHME TO e, TONWMHA NAacTuHbl fi/n.
B,
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Orsetbl N22

1la.v,, = vV/2
2
16,F — Nmvy
2a.2 =% — 1 4yaca
by 1=, |
20. Tl = T:] = AU—;E, Tz =0
3a.F = gRAR 5
4meg(R2+22)2
15qa’xyz
36 ¢ = “mer?
_ Mo [y, b+n® a*+h* \ _ .7 _
aa. M = £ (In 20 — In 2] = 1077 In1.25 Th = 22,3 Wl
_ 4 L-Li=La _
46.£ =1 i = 0.157
S5a.a; =0,npnw? < %

— 9 2 g
@z = Arccos ——, Npu w > z

56.T, = 21 ’%— w2, T, = 21 |w? — i
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OtBeTbl N23

3
la.v =1y, +§u0

16.p = [{EmaL
m

2a.1)=~ 10°11) =~ 1023
26.m, =m, :—2% =0.25r
1°%2

Vo Vo, Vo
3a.—;—;——
6 3 6

2d dry2

T
36.F = @ ? = s, "

4a.Ha ocu cucTembl Ha MOBEPXHOCTU NPABOro KPaHero wapa.

2v4*f2(f +d)

46.a = T

“Zh.o [P
5a.6—3hw gsmcp

56.MpoTMB YacoBOW CTPE/IKM €C/IN CMOTPETh CBEPXY.
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OtBeto! 4

“ 7
1a OgHa 13 Banok BypeT HanpAKeHa ¢ CUNoK = Mg

2—(pz2— 1)y
2a vl = const
26T = —— A=—""_
:l—mz Jl—m::

3p?
a F = ————, nputArusaeTca.
3 64megh? p aeTe

36 r = Csina

U 3
35 TP U —;U{}

4a | = ﬂ’- anEUOCU{EUU
3” 6”” ,apull >= Un
46 =~ 130 mA

5a 22 = f1+2ﬂﬂ-1.9
(55 m

56 KoopaWHaTbl KOHLOB CTEPXHHSA:

1=% isinﬁt+2ﬁﬁ( r:asJ_ ) ¥ = IJ*J-sm\l_t+2ﬁ (snﬁt)
_P iJg 2p¢ _ _g L J: 2p¢ 39
l—m‘];sm It 1—cos tly= sin l
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OreeTtbl 5.

1
1a. 45°, arccos —

V17
16. V1 = Vg, Uy = 0
2a.a = —gtga
nmSu(Vy+u)
206.t = ———=
MVy
3a. K(w) = S S— onepeaert Ha arctg — 2 Aw=——=50 pan/c
’R2+( wl )z R(1-w?2LC) 2RC
1-w?LC
1
1 ———wRC
36. K(w) = =, Onepexaer Ha arctg “A——
1
\Jg+(mRC &JRC)
FJ_Fz Fld Fld u
4a.F = mr o X1 T s X2 = 5oy OTCUMTBIBAKOTCA OT FNABHbLIX NIOCKOCTEN TOHKUX INH3
1 2= 1 27 1 2=
nR
46. x; = x; = R - nnockoctu coBnaaatoT, F = 2D
m; _ 9
S5a.— = -
my L3
c
56. -
2
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OrBeTbl 6

1a. 1732 = 31.712 — 1722

l yii (43
16. t = m—arccos——), npuU > tg— UuenMKoM He cbener
g{sina+u—,ucasa)( sina—pcosa)’ PUH g 2 4 A
p 2m2 ‘1-'.'1"!2
2a.v, = Vg =—2v,, 173 =(1 v
¢ m1+mz+‘”:lnﬂ’ 3T my 273 (£ ms) 4
Vo T+
26, t==2—L1_2
g mp—m,
1 (T1+T—2Tg)(2Ty ~T5—2Tp), v ¢ _ (T3 +T—2Ty)(T,—Tp)
3a.T) = Ty =
. 2(Ty—Tp) 2(Ty-Ty)
— PnqR ~
36.t = T (TaT) = 41 MuH
1 1
4a. =— — —_
a.Cy w12Ly’ C2 w2%Ly C1

46.1 =~ 0.217 A

5a. B = 1.2 MKM

56. Pagnyc m-ro CBETA0ro Konbua ny, =
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