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Hello, everybody, so, today we will be talking of another consequence of special relativity.
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Consequences of special relativity - V

Relativistic Kinematics

So, we will do some topics in relativistic kinematics and if one recalls we had to redefine mass.
We had this famous mass energy equivalence, special relativity gives us that. And we also have
to redefine mass so as to preserve the conservation of momentum. Conservation of momentum in
relativity and talking of both energy and momentum how are they related?
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Mass and Energy

2

FE=mc¢c"

We know that E = mc square and then this m or the total mass of body that is; it is actually
related with speed at which this body is moving there ok.
(Refer Slide Time: 01:25)

* | Energy and Momentum

* How are they related?

Total energy E =—

Momentum p =

So, if m0 which you see here is the rest mass of a body then if it is moving at a certain velocity v
its mass becomes m divided by root over of 1 - v square by ¢ square ok fine. And consequently
we also have the momentum defined as the mass multiplied with velocity. But then the mass
again here is velocity dependent okay. So, how about the relation between them? Why do not we
square them up?
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And you know if we square the energy and then multiply a ¢ square to the momentum, do a bit
of algebra. It turns out and then we and then we subtract p square ¢ square from the square of the
energy it turns out that we get something which is Lorentz invariant or in other words it does not
change when you change frames or it does not change in frames which are moving with a certain

constant velocity with respect to each other.

So, you actually get mO ¢ square on the m0 being the response of a body and then ¢ square being
the velocity or the c being the velocity of light okay. That is pretty interesting, so, if we now
write it in a certain way actually if we write all these things in the dimension of momentum
square.
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Let us write the same result as :
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(Rem : The above Lorentz invariant quantity, P?
has the dimension of momentum-square.)

We get a isolation like you get an e square that is the total energy square divided by the velocity
of light square that gets the and that is get the dimension of that gets the dimension of
momentum square that is and that is the linear momentum square that we are talking of here. And
then you subtract the momentum that which I denote by small p okay, you get something which

is invariant okay.

Now this I denote by something like the capital P squared okay and just make a comment that
still this is momentum square that is all. Let us see is there something behind all these things
okay. Now to check that what is there behind, we if you recall what was a 3 momentum squared
okay. So, if you know a 3 momentum square think of the thing in the Cartesian system or in any
is the Cartesian system.
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* Just like 3- momentum square

2

+p,” +p,” =Invariant

= I_jﬁ =P
* Vector p=(p,,p,.P;)

* Similarly define 4- momentum

P=(p,,p) [p,:"zeroth" component of 4 — momentum |

* Define 4- momentum “dot product™
P.P = pﬂ2 — f)p’

So, what you see that 3 momentum squared you get the x component square the y component
Square and the z component square or component 1, 2, 3 squared each, we add them up. Wherein
invariant quantity and you all know that this momentum is a vector it has 3 components.
Similarly the thing that we talk of when we talk of a 4 momentum we have we can also talk of

something called a 4 momentum squared.

And then what do we get and if you define the dot product of; we define a dot product for the
case of 4 momentum as you know the initial the Oth component. We call one of the complaint the
first component was Oth component and the other 3 components which are equivalent to the
usual the vector in the 3 dimension that we all know of and then we define the 4 momentum, the

square of the 4 momentum with the help of the special dot product.

That is why when I say a dot product, I do not put a simple dot but a rather a bigger dot okay. So,
that is equal to actually pO square - and the 3 dot product of the momentum, the linear
momentum that is here, what we have here okay. Now why do we call it as the 4 momentum
more of a little later? But here what we see is that if we identify this p0 of the Oth component of

the 4 momentum as E by c.

And then the other 3 components as the linear momentum itself then what we get is the dot

product of this 4 momentum dot product and shown by P, capital P dot, capital P is still an



invariant quantity ok. Now the notation that I will be using is for a small p it will always be the 3
momentum if I put a vector you also know that it is a this momentum vector. But for a 4
momentum vector not put any vectors on top of it and not only that, I will always use capital

letters for it.

So, so capital P is a for momentum and in the small p is the 3 momentum and that we talk of
here. Where it is also interesting that we know that the 3 momentum square that is an invariant
quantity okay, you know the dot product or when you take the square of a vector. You get the
length of a vector which is a scalar. So, that is an invariant quantity. Similarly what we see here
is that when we take the dot product of the 4 momentum itself we also get an invariant quantity

okay that is something to think about okay.

Now let us let us recall a few more things about the 4 momentum which we may have covered
earlier. But given today's topic of relativistic kinematics I thought it will be useful for us to do a
bit of the 4 momentum formalism again, a bit ok.
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* Relativistic  phenomenon  within  the
framework of “Minkowski” space- time

* An event (or world- point) is specified by
a set of four space- time coordinates.

O X=X, X, X, X))

with x, =ct, X=(X,X,,X;)

So, just to recall we can also think of the relativistic phenomenon in Minkowski space time ok
where an event is given by an event or an world point is specified by 4 quantities 3 space

quantities one time coordinate okay. Of course you can multiply the constant velocity of light to



time. So, that you have the dimension of length for all the coordinates okay. And then that is

what we do we can simply multiply c to the time coordinate and then we have x, y, z.

Let us say so the 4 space 3 space coordinates and then we have the same dimension for all and
then we can simply write X0 to be t0 at component the other 3 components for the other 3 the two
3 vector here okay. Now it is also interesting when I take the squared norm or then the 4 dot
product of x with itself.
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I will get ¢ square t square - X dot X like the 4 dot product we had done earlier fundamental and
how does the components change when we go from one system to another. Let us say we go
from the S frame where you have the coordinate’s ct at a certain time and then x, y, z. And then
the same event if it is measured with the help of from S prime frame and then you think of that

frame as and you measure it at a certain time t prime and X prime y prime z prime.

Of course you now know that these are related by Lorentz transformations okay. So, the
component of this 4 vector is actually related by Lorentz transformations which we have covered
earlier and it is act okay. Just to recall let us let us read the first line so it is the how is the X
component in the S prime frame related with the X component with the S frame.
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S’-frame

\%
(e, x’,y’, Z°)

S-frame
‘I

*(ct,x,y, 2)

X

* Lorentz transformations.
x'=y(x—Pct) B=v/c
y'=y y=(Q1-p)™"
=

ct'=y(ct—pBx)

You see that let us express x prime is actually = gamma times x - beta ct ok. So, where beta is the
velocity with which the S prime frame is moving divided by the speed of light okay. And then
the gamma what you see here is nothing but the 1 by the square root of 1 - beta squared okay. So,
what is also interesting is that if one takes the full dot product ok the 4 dot product in the S frame
and the S prime frame can easily check that it is norm is equal okay.
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* Lorentz transformations.

x'=7y(x —PBet) B=v/c
= SR

ct'=1y(ct —Bx)

* Check that

|X: = 2t? —x> _y: -7 :czt")—x'z—y'l'—z") - ‘X'r

That is again something we keep in mind it is that the norm of a full vector is is becoming you
know what we check is or for this in is becoming invariant when is actually invariant when you
go from one frame to another ok. Now just as an aside we can also recall that the norm of a 3

vector is also invariant when you change frames okay.
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» All quantities (Consisting of a four set of
numbers) transforming as the components
of X=(ct,x,y,z)are 4-vectors.

» Squared norm of a 4-vector is a Lorentz
invariant quantity.

. S’-frame
S-frame

A=(a5a,,a.,a,)

So, to make things a little bit more general we call all quantities or other all quantities which has
4 sets of sets of numbers here. Now and if they transform and if they transform in the same way
as Laden’s Lorentz transformations and not only that that square norm of such a quantity A as
becoming a same whether you are in S frame or the S prime frame. Then such a thing are

actually 4 vectors okay.
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S’-frame

vV

A'=(ay,a;,a,,a,)

X‘.!

A =4 vector in S —frame

A'=same 4 —vector in S'— frame

And to summarize what we have is that we have a 4 vector in s frame then in the S prime frame
the same 4 vector will have of course the same norm but its components will change okay. But

liquid components will change in accordance with what? With accordance with deal a Lorentz



transformations okay. So, that is what we have the components of a 4 vector will change. You
know the components are related by the Lorentz transformations and then the norm is invariant
fine.

(Refer Slide Time: 12:31)

S-frame

P = (py.P;-Py.P;)

P= ('_E,Dx,p\,,pz) [InS — frame]
¢ y

L]

Pa= (E;,p'x,p Vsl [InS'- frame]
e )

Components of P and P’ are related by Lorentz
transformation

So, just to put things in perspective again if we talk of a 4 vector the momentum 4 vector here
okay. So, the Oth component is E by c that is the energy by c¢ and then px, py, pz are the other 3
components and in the S prime frame which is moving with a certain constant velocity V with
respect to the S frame. The components will be different okay; of course it will be different. But

the norms of the 4 vectors would be the same okay.

So, now you know just as an aside why do we call it as a 4 vector? Okay. Recall what we have in
a 3 dimensional space when we have a vector. So, what is a vector? So, if we recall what a vector
1s? It is actually that mathematical physical entity which has 3 components here as a 3 vector that
is why it is called a 3 vector. Now a vector what is the special property of it, it is that if one

changes moves from one coordinate system to another.

Now the transformation matrix which one has to use to go from one frame to another okay that
same transformation matrix is going to change the same vector which is in the old system to the
new system.
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* 3- Component
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4- Component

o )

Transformation matrix

to go from one
coordinate system to
another

X——X'
(Vector in (Vector in
O System) O’ System)

LT

Y

2

] |X|3. :‘X‘

Lorentz invariance
For example here in this example if X is a vector in O system and X prime is a vector in the O
prime system see the transformation matrix which is transforming O to O prime will be the same
which transforms X to X Prime and not only that the length of this vector is actually the same as
a scalar okay. So, that does not change when you change your coordinate systems. And if you
recall what we have just talked of this quote unquote 4 vector. See some amazing properties

which are quite similar with the 3 vector first of all it is got 4 components.

And then the the components of the you know when you go from one system to another the what
is the transformation matrix here it is the Lorentz transformations. And it is the same Lorentz
transformations which is transforming the components of this quantity X of this 4 vector from
one system from one frame to another and not only that it is norm is fixed okay. So, that of
course justifies the word the vector here what you have used and also it has 4 component that is
how you call it a 4 vector okay.
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Application

* Let us study two-body collisions

So, with this, let us with this background now I think we can go over to an application of
relativistic kinematics okay. Where let us take a simple example let us study two body collisions
okay.

(Refer Slide Time: 15:46)

Laboratory and center of mass systems

* Consider the collision of two particles A
and B

Now as in classical mechanics we can study this in the lab system and also in the center of mass
system okay. So, what is a lab system when we consider the collision of two bodies okay? So,
the lab system is one in which one of the bodies it may be in rest and the other comes and hits it
okay. To keep things simple I mean we just take the direction of motion of one of these bodies of
one which is moving to be along the x axis okay and it is on a plane let us say okay anyway.
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Lab-system

AN B (atrest)
*,Par .

* Momentum 4-vectors

-
4

5 DPEE,
Py = (%ap,u,) H E,, =m,c

EBL ,0) ” E, = mBCE
C

Py =(

We also take one of the bodies at rest, so, let us just take the body B at rest and the body A which
is coming with a certain linear momentum PA and if you see we have also put a subscript L and
also a vector. So, that is that is an indication PA L. So, that is the indication the P has a vector so
that is A 3 vector and it is related with the first body A and then it is in the lab system. So, that is

the quantity L that is that is the reason I put this quantity here.

Now what would be the 4 vector for such a quant for these bodies okay? If recall that the Oth
component of the 4 vector relates with the energy okay. So, we have the energy of particle A in
all the body A in lab system divided by c that is the speed of light. And then the other 3
components are the 3 vectors okay or the 3 components of a 3 vector okay. And what is EAL, so

that is nothing but mA into C square okay that is the mass of E.

And then what about PBL that is the 4 vector PB L. So, recall that again it sits at rest. So, the 3
momentum part of it is 0 okay but it is interesting that it is energy is not 0, why? Because of
course it has a rest mass and then you have rest mass energy, so you have mB into ¢ square that
will be the rest mass energy okay. Now if you take mBc square divided by ¢, you will get mBc

and so you get the 4 vector PBL that is capital PBL to be mBc.



And then the since the 3 vector part is 0, so you have it is 0 okay. So, there is of course another
system in which we go over to the center of mass of the system. So, all the measurements are
being made from the center of mass of the system here.

(Refer Slide Time: 18:42)

Lab-system

AN B (atrest)
*,Par .

* Momentum 4-vectors

E ;
R = . 2
PAL. = . sp,:u_,) H E.u.. =m,C

Py E(%’O) ” Ep =mgc’

= (mgc,0)

And in this particular case we have the case in which the bodies are moving in a set such a way
that the total linear momentum turns out to be 0 here okay. So, the same collision process you are
looking at the frame you are looking in a way in which the both are moving towards each other.
In such a way that the sum of the linear momentum are ¢ okay and it is easy how to write the

momentum for vectors here for PA.

Notice that I have not used any subscript L here so except maybe when I only the subscript for
the bodies or the particles have been used here. So, the other subscript the cm is not required
when superfluous thing. So, if I do not write it means that it is the center of mass system.
Otherwise we assume that I which in the lab system when I write it by this letter L.
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* C.M. System (All quantities without the
subscript ‘L)

ij.a i 1313 =9
> p_-\ < pB

Momentum 4-vectors

P, =23
C

So, the momentum PA that is the Oth component we know that EA by c again all quantities in the
center of mass system and then the 3 vector that is the PA and then for the capital PB that is the 4
momentum for the particle B that is EB by c and then it is got a 3 momentum PB okay.

(Refer Slide Time: 20:06)

L-frame T cM-frame

A

Lab(l.) and C.M systems: Particular Lorentz
frames

CM System moving with velocity ‘v’ wrt. L-
system.

Incident direction : x-axis

So, how are they related with each other member, so, the center of mass system can be thought to
be moving with a certain constant velocity V with respect to the lab system. And then if our
incident direction of collision is the x axis you know so we just have we just written the S frame
on the S prime frame we just rename them as L and L frame that is the left frame and the center

of mass frame respectively here.



So, in the lab frame notice that the particle B or the body B is at rest and the particle A is coming
in coming towards it with a certain momentum velocity and certain energy here okay kinetic
energy element. Of course for particle B here in the lab system although it does not you might
recall you might recall that it has some energy which is associated with the rest mass energy.

And then in the center of mass frame what we have?

We have the particles moving with mentor towards each other equal momentum so that they are
opposite oppositely directed and when you add them up they cancel out okay. So, how are the
things related with each other and recall that the coordinates in the lab and the center of mass
frame they are they are Lorentz frames here. So, they are they are related by the Lorentz

transformations okay.

And what about the components of the 4 vector of the 4 for momentum, so since it is also a 4
vector momentum we are talking of the components of momentum 4 vector the components will
transform according to Lorentz transformation itself okay. So, it is interesting that it is very easy
you can you can find out if the momentum of any particle is you know one of them in the left

frame and in the other frame.

And that is in the center of mass frame which is moving with a constant relative velocity with
respect to the lab frame. You can simply find it out by the help of Lorentz transformation that is
the relation between the lab and the center of mass moment and of course the energy the energy
being the Oth component here okay.
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L-frame CM-frame

A

Relation between L
and CM  system
momenta and energy

It is simple here for example the and if px is the momentum in the small px that is the linear
momentum along the x axis in the center of mass system. And then E is just the energy in the
center of mass system then the px L that is the x component of the momentum in the lab system
is related with the help of Lorentz transformation that is gamma times px + beta E by c ok. So, it

is just the, and then since it is we have taken the motion to be along x axis.

So, the x and the y and the z components are the same here ok. And what about the energy part
remember this is transforms like the time like components or the ct component when we are
doing the position 4 vector okay. So, what is the energy in the lab system so that is simply related
with the energy in the center of mass system by if EL is the energy in the lab system EL by c that

is actually equal to gamma times E by c.

So, E being the energy of the center of mass system + beta times px, px being the x component
of the 3 momentum in the center of mass system ok fine.
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CM-frame

Q: What is this velocity ‘v’ with which
the CM-frame is moving with respect to
the L-frame?

So, what is this velocity then with which the center of mass is moving with respect to the lab ok.
What is this velocity? How can we estimate it with the help of known components with the help
of known quantities? Like the mass of the particles in the lab system and in the linear momentum
of the particles in the lab system ok. So, Let us find it out. And to do that, what we can do is that
we can simply apply the conservation of linear momentum and the conservation of momentum

and also conservation of energy.

And we will simply take them out from there okay by adding the corresponding quantities for
these two particles okay. So, first Let us do the conservation momentum conservation first for the
momentum for these particles okay. And what we find is that if we add these two quantities in
the lab system and then of course we relate them to what these quantities are in the center of
mass system.
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CM-frame

(in CM)
But p*+p® =0 (in CM frame)

Thus cp:L =B Eqqy

So, what we see is that we add pAx that is the x component in the lab system for particle A and
pB x L that is the that is the x component of the of t of the second particle B in the lab system.
By the way remember that it is actually 0 that the x component that the curve that the momentum
of particle B is 0. So, pB x L that is actually 0 okay, so, that is x = gamma times pA + pB + beta
times EA + EB by c.

Now pA + pB so that is 0 in the center of mass frame and then but the energy is EA + EB how
are they related? Let us simply call them as a total energy in the center of mass frame okay. In
that case we get a rather simple looking relation which relates the component of the component
the momentum of A that is pA XL in the lab system with the total energy in the center of mass

system.

And remember what is this beta, beta is nothing but velocity with which the center of mass frame
is moving divided by the velocity of light and then gamma is another kind of mathematical
quantity related with beta. And then the c here is the velocity of light okay or the speed of light if
you wish.
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From Energy Conservation
E Er _ (E*+E°
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Again from energy conservation we simply add up the energies in the lab system and then
corresponding and then you equate that with the corresponding quantities with the corresponding
patience in the center of mass system. And we simply also use the quantity that the total
momentum the linear momentum in the center of mass system is 0 then we also get another

interesting quantity okay.

What is it? That the total energy in the center of mass system and the total energy in the lab
system how are they related you simply take it out from this solution. But again from the
conservation of momentum we have seen that the total energy in the center of mass system can
be related with the total momentum in the lab system. Now we can use that relation again to

drive out a little some other quantities here.

And then from these two equations the one which relates the total center of mass and the lab
energies and then the one which relates the total center of mass energies with the lab momentum
of particle A, we can find out what the velocity with which the center of mass frame is moving
with respect to the lab system you can simply work out that it is nothing but 3 squared times I
mean times the momentum of the particle A divided by the total energy with which the particle A

is moving.



Plus the rest mass less mass energy of particle B okay. So, you have everything with respect so
we in terms of everything that you started with in terms of all lab system quantities okay. So,
what about the collision process we have not used the 4 vectors as yet okay. We have just used
the conservation of linear momentum and the conservation of energy separately and we found

out this velocity.

Now what if we use the conservation of the 4 momentum in the lab and the center of mass
system, so, what we get from there okay.
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What about the 4- momenta in CM
and L-frames?

*Whatis |P, +P,[" in CM frame?
Rem: Sum of 4- vector is also a 4- vector

Th i i
n s= |P»\ +PB| = Lorentz Invariant

s=|P,| +|B;| +2P, P,

So, for that Let us simply add up the 4 momentum of particle A and particle B and take its norm
in the center of mass system. And remember that the sum of this 4 vector is also 4 vectors then
you could take a norm of that it is going to be that is going to be invariant whether you are in the
lab system in center of mass system. Let us simply call this norm as small s and given that it is

still a 4 vector you add two 4 vectors you get a greater 4 vector, I think it is norm.

It is Lorentz invariant, so, S here is a Lorentz invariant quantity then what is it? It is the norm of
PA square it is it is the norm of PA and norm of PB these are the 4 vector norms plus the 4 vector
dot product twice the 4 vector dot product of PA and PB. Now we all know how to do these 4
vector dot products and calculate these norms.
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And for example what is PA squared that is the 4 vector of a square and center of mass system
we know that it is also it is EA square by ¢ square that is the energy of particle A in the center of
mass system minus the 3 vector norm of particle A. And then the norm of the 4 vector is nothing
but mA square into ¢ square that is the rest mass energy square of that that is the rest mass square

of particle E multiplied by ¢ square.

Similarly you can find the PB square that is the norm of the vector the 4 vector for particle B and
then you can also find the 4 vector dot product of PA and PB that is nothing but the product of
the energies minus the 3 vector dot product of PA and PB that is a bit of an algebra. Now when
you arrange all these things put it plug it back into the expression for S okay.
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Therefore
(EXSED) = [
S:%_(pn +pB)
=0 in CM frame

\2

Thus E;, (Total CM energy) =E, +E is

a Lorentz invariant quantity

What you get is that the sum of the total center of mass energy squared divided by ¢ square
minus the minus the PA + PB whole squared okay. Now if you recall that the total momentum at
the 3 momentum when you add these two up in the in the center of mass system is 0 okay. So,
the total energy in the center of mass system which is EA + EB is a Lorentz invariant quantity

here.

You can it is and if you put it in you know remove the square here and you see that it is actually
equal to ¢ times root S okay. So, S being a Lorentz invariant quantity okay, so, that is a rather
important relation we have got here it is that the total center of mass energy for this two body
collision that we see here is actually a Lorentz invariant quantity okay fine. Now S again is a

Lorentz invariant quantity.

So, we can also find the thing in the lab system okay. So, we do the thing in the lab system we
take the sum of the 4 vector in the lab system of particle A and particle B and take its norm okay.
(Refer Slide Time: 32:58)



Now can one relate the Lorentz invariant
quantity ‘s’ with the L- system quantities

\ |P\‘ +[p?| +2 P2 PP

2

o[ = m,

Then do the algebra again so we have PA L stands for the subscript L is telling us that it is a lab
system PA L squared + PB L square and then twice PA L dot PB L okay. So, that is the 4 vector
dot product. Now if we use the norm of the 4 vectors being invariant in being invariant here, so
we know that the norms. And we also use the algebraic expression for the 3 a 4 vector dot

products.

Also remember that the any using and in writing the 4 vector dot product we just remember that
the of the second particle here B was 0. So, we are not going to have the 3 momentum part here
in the 4 momentum dot product. And then the energy of the particle B in the lab system is just the
rest mass energy.
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Thus,

20D 2 N
S=im,ci tmoscr F2muBE

In terms of the Kinetic energy
7
Ky =Ey —m,c

. 20l
s=(mp+m,)c +2m, K

So, we plug in all these things into the expression for the invariant S, what we get is? Is a
quantity which is in terms of the masses and the energies of and then the energy the initial energy
of particle A in the lab system okay? Just as an aside what is the kinetic energy of particle a in the
lab system? It is just you subtract the rest subtract the rest mass energy from EA L that is the total
energy. And you can you can write the invariant quantity S in terms of the kinetic energy also
okay.

(Refer Slide Time: 34:48)

Thus,

L) T
s=m,c” +mgcC +2mBEAL

Approximation : At very high energies

when, |]3 i | >>iml ChimicC

Also we can use a approximation when you are at rather very high energies things called the ultra
relativistic cases. When the momentum of is actually much, much greater than mA times c that is

the rest mass times the velocity of light okay. If it is rather very big then how does this



expression for the invariant S turn out to be? And in that case you know that the energy of the
total energy of particle A in the lab system is nothing but P AL that is the momentum in the lab

system times t times the velocity of light.

It can be approximated by that because the other quantity that is other quantity which depends on
the rest mass will be much less compared to this okay. We might do an example for this too to
check it out whether that is or not okay. So, in that case we can simply write that the total totally
invariant S in terms of just the lab system in the ultra relativistic case okay. We also know that
the invariant S that we have defined here that we have got here can be written in terms of the

center of mass quantities.

Remember the total energy squared divided by c square that is also an invariant quantity actually
that was also S okay. So, in this way we can relate the quantities in the center of mass system the
energy the total energy in the center of mass system with the total momentum in the total 3
momentum in the lab system. So, in a way, it is a method for us to check if you are giving this

much amount of momentum in the lab system?

How much of it goes to the total energy in the center of mass system okay. So, as I said let us do
a small example okay so here.
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Example: Consider the collision of two
protons of mass m, ~ 1 Ue‘/ in the CM
frame, with 3- momenta of magnitude

.p.-l\ = I)B = 30 (le‘:/c

Calculate the 3- momentum required in the

L- system.




Let us consider the collision of two subatomic particle Let us say we consider the collision of
two particles and then rest masses you know the rest mass of a proton is something like 938 940
G eV by c square. But it is approximately let us take it as 1 GeV by ¢ square. Now and then we
consider the collision of this in the center of mass system with 3 momentum of magnitude 30

GeV by c okay.

This actually rather very picky okay so here you can look at this figure for exam we have these
two protons A and B they are coming towards each other with moment at 330 G V by c.

Now the question is what is the what is the linear momentum what is the momentum in the lab
system which will be necessary so that you have this much amount of momentum in the center of

mass system okay.

So, we simply, let us find the center of mass energy of the protons first okay. Now it will be of
course the same with the center of mass energies of the move both these protons can be found.

(Refer Slide Time: 38:23)

The CM energy of the protons

By simply you know be a square and ¢ square plus mP square ¢ power 4 and then you take every
take the whole thing to the power half okay. So, what is that so PA square ¢ square what is that?
That is that is 930 squared okay. Now to 900 if you add 1 that is the rest mass rest mass energy is
squared okay. It is nothing 900 becomes simply 901 so if you take the square root of 900 or 901

it is approximately 30 okay. So, it is actually in the ultra relativistic keys that we are talking here.



So, we can neglect the rest mass compared to the momentum here okay or rather rest mass times
t the velocity of light compared to the moment here okay. Now we also know we need to
calculate what is the mentor in the in the lab system okay.
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Lorentz invariant quantity

(E, +E;)’

2

C

= o= 30430 (Gev)? =3600 Gevy?/c?

C

So, for that let us calculate the invariant Lorentz invariant quantity S, we know that that is related
with the total center of mass energy squared right. S, S will be 30 + 30 here because each of
these protons have total energy is 30 in the center of mass system. So, S is nothing but 3600 GeV
square by c square fine. We can also relate this with we will we have seen how it is related with
the lab system went up okay.

(Refer Slide Time: 39:57)



Again

S~2 m.C P,

9l

or 3600 w ~ 2_(1(36\//02 )'C"pAL

)

C

= |p, =1800 Gev/c

That is actually equal to twice the mass of the protons times the velocity of light times the linear
momentum okay. Now if you plug in all these quantities you will get the linear momentum of in
the lab system to be right 1800 GeV by ¢ which is huge okay which is rather huge. So, you see to
get a energy of 30 GV Per ¢ you need such a huge momentum in the lab system okay and this
also and then this number actually justifies the approximations that we have used that of our ultra

relativistic case.

In which the momentum was considered to be much, much larger than the rest mass times the
velocity of light here okay. So, I hope I have convinced I have, you know shown you some
examples of relativistic kinematics more specifically relativistic collisions and the use of the 4
momentum of the power of the use of 4 momentum in relativistic kinematics thank you very

much.



