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Renormalization in O-D

Welcome back. So, we are talking about Renormalization. Let us quickly recap the example.
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NAIVE EXAMPLE

» Consider the ¢* theory with parameters (m, 2).
let i =102,
* Working at the tree level, we have:

el a00)=-k

m8
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We are talking about in phi 4 theory. The two parameters are m and lambda, h bar is taken as

10 to the power minus 2.
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* Since the theory involves only two parameters,
only two experimental measurements are
required to fix the parameters.

* Let us assume that the experiments return:
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The expression for the 2 point and the 4 point functions at tree level and even in the green
box. And we worked out the experimental values of these two Green functions C 2 and C 4,
and we found them to be 1 and minus 2. These values at the tree level, if we if we remain at

the tree level give gave us the value of m and lambda as 1 and 2, respectively.
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* Now,t
loop parameter values is:

2 3
| Co(h!) = 10 - 80 -5 = 33.60

* However, this is not the correct result.

* For, if we are calculating the Green functions to one
loop, the parameters must also be estimated to one
loop. The values used here are tree level values.

]
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On that basis, we worked out the value of C 6 that the 6 point green function and we found it
to be 40. We thereafter increased the level of perturbation from 0-loop level that is the tree
level to the one loop level for C 6. And we found that if we use the existing values of a m and
lambda that we have obtained earlier, that we obtained earlier m equal to 1 lambda equal to 2,

we get the value of C 6 at the one loop level as 33.60. That is what we obtained.
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* We, therefore, introduce the one loop level
corrections in C,, C, to obtain the one loop

W:

Cz(hl) —_ - C4(fl1) - __+ W
smg the experlmental values:

6T =167 =-2

. Iﬁ pmva ues of the parameters are obtained

'I-?jn.(hl) - 0.995; A(#) = 2.056 0
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Then, we went backwards. We worked out the formula for C 2 and C 4 also at one loop level.
And we have introduced corrections for the one loop for the first loop level and we found on
that basis we using C 2 and C 4 formula at the one loop level refund m h 1 to be 0.995 and
lambda at the one loop level as 2.056. If we use these new values for working of the C 6 at the

one loop level we find it to be 38.92.
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I
* We can, now, use these updated values of the
parameters at one loop to obtain the value of:

2 3
+1Co(1") =10 - 80 = 38.92

* Interesting, due to the renomalization, the
predicted value of C4(%i') has changed from
33.60 to 38.92 i.e. the gap between the C¢(h')
and C¢(h") has narrowed down.

o]

NPTEL ONWINE
O ITROORKEE CERTIFICATION COURSE

Now, the important things are that firstly, this process shows how renormalization should be
carried out. If you are going to work out C 6 at one loop level you must use the bare
parameters in the action, also worked out at one loop level. In other words, the green function
that have been used for working out the action parameter must also have a consistent or an
equivalent level of accuracy, level of perturbation to the Green functions that are being

predicted. So, that is what renormalization mandates.

The second interesting part is that when we use the action parameters at the tree level we got
the value of C 6 at one loop level as 33.60, and when we use the expression for the action

parameters at one loop level and worked out C 6 also at one loop level we got 38.92.

Now, obviously, it is very clear from very obvious from this point that the difference between

the between the C 6 values without renormalization is much much more than the difference



between the values at successive levels of perturbation worked out at after renormalization.
So, that is important. Renormalization tends to make the values converge rather than diverge,
that is a very important aspect that and that was formalized in the process of working out the

theory of renormalization.
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A SECOND EXAMPLE

» As another example of the renormalization

program,ﬁtmﬂmmmmjm
* To order| 0(7) in perturbation theory| the first

few connected Green's functions are given by:
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Let us take another example, slightly more involved example. We again you in this case we

use the phi 3 by 4 theory.
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And, the values of the various green function connected Green functions to first order in

perturbation are given in your slide C 1, C 2, C3,C4 and C 5.
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I
* Let us assume that the experimental values of
the Iconnected Green's functions C,,, |have

been measured, with negligible experimental
error for simplicity.

* Recall that this theory has three parameters
I:l,lg,l4 and hence we require a minimum of
hree measurements to fix the three parameters.

o}
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Now, we assume that the experimental results, we experiments carried out scattered,
scattering experiments are carried out and connected Green functions C 2, 3 and 4
experimental were measured and obtained. And these experimental values were used for
calculating mu lambda 3 and lambda 4, lambda 4 at the first level of perturbation, at the one

loop level of perturbation.



(Refer Slide Time: 05:17)

I 00
* For purposes of illustration, we shall assume
that these values are

C™ =h, € =i, C™ =20’
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And let us assume that we get the experimental values as C 2 as h bar, C 3 as minus h square

and C 4 as 2 h cube.
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* Using the values: ¢ =#,C" =-1*,C™ =28’

* And the expressions for C;3,4 to lowest
order in fi;

1 A A, 34
C, =h(—); C, =h2(——3); C, =h’£——j+—;]
7 U goop

* We obtain: ,U:Lﬂg :1,,14 =1
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Now, using these experimental values and using the expressions for C 2, C 3 and C 4 at lowest
level in h bar what we get is mu is equal to 1, lambda 3 is equal to 1, lambda 4 is equal to 1.
This is what we obtain from the equations that are there in the blue box and we get the results

that are there in your green box at the bottom of the slide.
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* If this were all, we could then compute the
connected Green's functions. This “naive”
treatment would give the following results up to
two loops:
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Now, what we are do is if we use these results; if we use these results and we work out the
values of C 1, C 2, and so, at two level two loop level what we get is the results that are

shown in your slide, in this slide.
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In other words, using the one loop value, these are one loop values the values given at the in
the green box or one loop values, one loop perturbation values and if we use this values and

we work out the connected functions at two loop levels we get these results.

Now, it is very clear from these results that the values of C 2, C 3 and C 4 that we that is
given in this slide do not coincide with the value that were observed experimentally. You can
clearly see here C 2, C 3 and C 4 here on this slide, and C 2, C 3 and 4 here at the top of the

slide they do not coincide.
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However, we see that now Cy34 =C,;, No

longer hold, and therefore we must re-tune the

parameters order by order in perturbation theory.

1 In the present case, we need up to two-loop
accuracy:

,u:1+%h+h2+0(h3); A:1+h—%hz+0(h3)

35
A= 1—5h+zh2 +o(r’)
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So, what we do is we need to revert back to C 2, C 3 and C 4, we need to rework them at the
two loop level when we rework them at two loop level and then workout the values of mu

lambda 3 and lambda 4, the values that we get is given at the bottom of the slide.

Let me repeat and C 2, C 3 and C 4 values we had obtained at the one loop level and those
were the values that we saw here, here in the green box. These were the one loop values. But
we then estimated using this one loop values we estimated the Green functions at the two loop
level. And we found that C 2, C 3 and C 4 do not coincide with the experimental results as is

to be expected.

Therefore, we would revisited C is C 2, C 3 and C 4, we worked out the C 2, C 3 and C 4 are
the two loop level. Using the revised working of C 2, C 3 and C 4 at the two loop level we



rework the parameters at the two loop level that is we rework mu lambda 3 and sigma 4 at the

two loop level, and then we use these expression to work out C 1, C 2, C 3 and so on.
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I 09000
* The renormalized connected Green's functions,

suitably truncated to the correct order in 7,

read:

I I
Ci=-ghes h +0(k'); C,=h:

C,=-h* C, =21y C,=-5h* + 31 —%h“ +0(h7)
C, = 10%° - 45k° + 90R + O(h")
C, =35h" +480h" - 20654" + O’ .
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And we find now that C 2, C 3 and C 4 do coincide with the experimental result that is one
part of the story.
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IMPORTANT OBSERVATIONS

* Cy34 are completely free of higher-order
corrections.
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* For the other connected Green's functions the
coefficients in the perturbation expansion tend
to be smaller in absolute value than in the
“naive” expressions.
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The second part of this story is in that if you look at this if you look at the relative values, the
naive values naive values that we use without renormalization and the values that we used
with renormalization you find that the differences have are much less in the case of

renormalization compare vis-a-vis, the values that are worked out on the naive basis.
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So, that is an important, this is an important topic. This of course, would be carried on
towards the when we talk about field theory in Minkowski space but fundament at the

conceptual level this is what renormalization is all about. We now talk about loop divergences.
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* In nontrivial theories, loop diagrams often
contain infinities makes the need to do
something about them all the more urgent.

* Loop divergences arise from summation over
internal degrees of freedom of Feynman
diagrams.

* |In zero dimensions there are no such internal
degrees of freedom, and all diagrams are finite.
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Now, where do, what do we mean by loop divergences? Feynman diagrams for certain field
theories or certain types of actions contain diagrams which take the form of loops. These
loops arise from summation over internal degrees of freedom in the in these diagrams. When
the when the summation is to be done over internal degrees of freedom for example, internal

momentum and the integration is to be done from 0 to infinity, divergences may arise.
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LOOP DIVERGENCES IN 0-D

* In 0-D there are no momentum degrees of
freedom to be summed over since there is no
concept of metric and hence no distance and no
velocity.

* We can, however, introduce the following toy
model.
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Although, in the case of 0 level, 0-dimensional field theory the concept of loop divergences is
redundant because there is no concept of momentum as such, there is no concept of a metric,
no concept of a distance and no concept of velocity. And therefore, there is no concept of
momentum and as a result of which loop divergence is do not exists in 0-dimensional field
theory. But, by way of illustrating the phenomenon we introduce certain new features into our

into our phi 4 theory.
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e
« Consider the ¢* theory.

* Let us introduce yet another Feynman rule:

we shall apply a factor 1+ ¢, to every closed
loop that contains precisely one vertex, and

a factor 1 4 ¢, to every closed loop that contains
precisely two vertices.

* Loops with more vertices remain unaffected.

0
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We introduced new rule two new Feynman rules. We apply a factor of 1 plus C 1 to every
closed loop that contains precisely one vertex, and we apply a factor of 1 plus C 2 to every
closed loop that contains precisely two vertices. Loop with more vertices remain unaffected.
So, these are two rules that we add to the existing refer to of rules to externally introduced the
concept of loop divergence in our phi 4 theory in 0-dimensional space time because a priori in

0-dimensional space time loop divergences would not exist.
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* In the spirit of loop divergences, we
shall envisage that ¢y, > at
some stage

And we will then later on we will make C 1 and C 2 approach infinity to explore the

implications of loop divergences.
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In Feynman diagrams, this rule duplicates each
one- or two-vertex loop with a “dotted’ loop.
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Diagrammatically in terms of a Feynman diagrams the two rules translate to this to what is
shown in your figure in this figure, if you have a loop with one vertex that is the upper
diagram it translates to a loop and a dotted loop, where a dotted loop is C 1 into the original

loop.

Similarly, if you have a loop with two vertices and the it translates to a loop with two vertices
and a dotted loop with two vertices, the dotted loop with two vertices is nothing, but C 2 into

the original loop. Recall that in due course C 1 and C 2 would be made to approach infinity.
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* The Feynman diagrams are governed by the
Schwinger-Dyson equation. Our new rule must
therefore be implemented into a modified SDE.
The necessary new ingredients are made up out
of those Feynman diagrams that contain only
dotted loops.

* We can now rewrite the appropriate SDE for our
<p4 theory with the added dotting rule:
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Now, we will look at the Schwinger Dyson equation. Having introduced the new Feynman
rules to take cognizance of the possibility of loop divergences we introduced this Schwinger
Dyson equations. Let us write down the set of Feynman diagrams, and then write down the

Schwinger Dyson equation on the basis of those diagrams.
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SDE WITH DOTTED LOOPS

Q@ -—m@
+ ,@4..

+
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The with the introduction of dotted loops the Feynman diagrams red face and the red coloured
boxes figures or figures with red coloured boxes or the new additions to the to the Feynman
diagrams. And these are mandated by the introduction of dotted loops. Let us look at the

definition of these red coloured boxes.
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The red coloured boxes with two lines represent a single vertex with a with the dotted loop in
this form which is given here. This is nothing, but C 1 into the original loop, thisis C 1, C 2 in
original loop, then we will have C 1, C 2 square into the origin and so on, and this diagram is
the extra diagram here. And if we have a box with 4 vertices, this is equal to the two what two
vertices dotted diagram and then the two vertice dotted diagram in parallel, and then 3 and so

on. So, this is how we define the boxes that are shown here.

And we let us call this a 1 and let us call it a 2. And the upper box is the upper diagram on the
left hand side let us call it a 1 the lower diagram on the left hand side let us call it a 2. Then,
making use of this set of Feynman diagrams and we can write down the Schwinger Dyson

equation including these loops in the form of this expression.
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This is the Schwinger Dyson equation for the phi 4 theory including the various loops and it
can be written simplified and written in the form which is given in the lower equation, the

bottom equation here.

The upper equation corresponds to a up diagram wise evaluation of each diagram. For
example, the first diagram here is evaluate evaluated as J upon mu. The second diagram if you
note is evaluated as minus a 1 upon mu into phi. And this part is phi, the this loop is phi, the
box here is minus a 1 and we have one line, so we have 1 upon mu; so, 1 upon mu, a 1 into

phi.



And that is in that is the way the evaluation is done for all the other diagrams here. And this
whole equation can be written simply in a simplified manner in the second equation that is

given at the bottom of your slide.
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For the phi 3 4 theory the equation becomes a little bit more involved. It is the form that is

given on this slide.
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RENORMALIZED ACTION

* Undotted action:

. _1 o2, 1. 4
5(9) = Jup™ + . Lo

* Dotted (Renormalized Action):

1 1
* S(p) = E(M +a)p* + ” (A4 +3ay)9*
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Now, if you look at the action that corresponds to the Feynman diagrams that include the
dotted diagram, that in other word that include the red boxes. Then, the dotted renormalized

action takes the form of the bottom equation, the equation that is given below.

This is the this was the original equation, the upper equation was the original equation and the
bottom equation is the renormalized equation action, renormalized action, the upper action is
the original action as you can very well fine see. And the bottom action is the renormalized
action which gives rise to this particular Schwinger Dyson equation, the bottom Schwinger

Dyson equation.

Now, the it is a very interesting observation here. In this action if you look at it the bare
parameters of the action that is mu and lambda 4 these were the bare pair parameters as you

can see from the upper expression for the action. These were the original parameter. They do



not appear alone anywhere. In the action because they appear in the action itself together with

a 1 mu appears with a 1 and lambda 4 appears with 3 a 2.

So, it follows as a corner a that wherever in whether it be an experimental measurement or be
it be a theoretical computation of any level or any computation of Green functions are
connected green function or any other any other parameter or any other attribute of the theory
these two expressions will appear as one unit, as a complete unit. Mu plus, mu will always
appear with a 1, and lambda 4 will always appear with 3 a 2, if we take account of the loop

divergences represented by the dotted in diagrams.

Well, there is an another fallout of this. The fallout is that, if now if now C 1 and C 2 and are
allowed to approach infinity or allowed to move infinity representing divergences, then
obviously, a 1 and a 2 approach infinity a 1 and a 2 also tend to infinity. So, in some sense it

would trigger a reaction that, the action becomes a unbounded and therefore, the theory fails.

But what recovers the theory or what saves the theory if the fact that we can have mu also, the
bare parameters also infinite and as such the infinities could very well cancel each other. And if
the infinities cancel each other then we are left with finite quantities and therefore, the action
becomes finite at every level and all computations arising from the action, in fact, the theory

itself becomes a finite and violable theory.

So, in a sense this enables us the fact that mu and a 1 lambda 4 and 3 a 2 occur in pairs
invariably essentially enables us to do a kind of renormalization to get out of a situation where
the loops become a 1 and a 2, the collection of loops represented by a 1 and a 2 show

divergent behavior, right.
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SCALE DEPENDENCE
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1. The parameters of the action have to be
determined by comparison to experimentally
measured quantities.

2. Such measurement experiments do not take
place in some abstract realm, but rather in a
concrete physical situation.

3. The efficacy of the experimental apparatus
partially contributes to the measurement result.

NPTEL ONLINE
0 ITROORKEE CERTIFICATION COURSE

Now, let us let us explore the concept of renormalization a bit further. Now, we look at the
issues scale dependence. When we when I talk about scale dependence, I am essentially talking
about the various factors that influence the measurement experimental measurement of the
Green functions or the connected Green functions. This is the fundamental thing is that these

quantities are usually measured by scattering experiments.

Now, scattering experiments or the outcome of scattering experiments really depends on the
on the energy scales at which the experiment experimental apparatus is able to operate. And
therefore, it becomes relevant to explore the impact of such factor as the level as the energies
involved in this scattering experiments on the measured quantities of attributes or parameters

of the theory. So, that is the next exercise, right.
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* Let:

* v: the bare parameter, as it occurs in
the action.

* w: renormalized parameter, extracted
from experiment.

So, let v with the bare parameter as it occurs in the action, v is the original parameter that

occurs in the action.
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7. The scale also contains the (regularized) loop
divergences, and may be expected to become
infinite at some stage.

8. Let us consider a theory with only one parameter
e.g. massless QCD, that is the theory of massless
quarks and gluons and their interactions.

9. The single parameter is then the coupling constant.
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We were now for the moment we are confining ourselves to an a theory with only one
parameter. For example, it could be a massless quarks and gluons theory with their interaction.
So, there is only one parameter there is no mass term and there is only one parameter that that
is involved in the action that we call v. v is the bare parameter, w is the renormalized
parameter which is extracted from the experiment. Repeat, v is the bare parameter as it occurs

in the action and w is the renormalize parameter extracted from the experiments.
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* The renormalized coupling w is then a function of
the bare coupling v and the experimental scale,

embodied by the scale s:

* w=F(s;v) (1)

* This relation ought to be invertible, so that we can
find v given w:

c v=G6(s;w) (2)

* Obviously we have
» w=F(s;G(s;w)),v=6(s;F(s;v)) 3) -
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Now, the renormalized parameter, renormalized coupling or the renormalized parameter w
would be a function of not only the original parameter the bare parameter v, but also the scale
of energy or such similar factors that we are clubbing together as a scale. So, it they it would
be a function number 1, of v which is the bare parameter the true parameter of the theory and
number 2, as the scale of operation of the operators by which this determination is taking

place. So, we can write w as a function of s and v.

Now, we need this relation to be invertible because we want to be able to determine the bare
parameter out of the renormalized outcomes or the renormalized computations or the
renormalized observations. And therefore, we must have v is equal to G s and, or G G of s and

w which enables us using 1 and 2, we can simply write equation number 3.
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* By differentiation we find the following relations
between the derivatives of F and G:

dF oG dwdv
¢ £E=55=10I'F161=1 (4)
¢ F0+F1G0=0 (5)

* where the subscript 0 denotes partial derivatives
with respect to s, and the subscript 1 stands for a
partial derivative with respect to the other
argument.

(o}
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Now, by differentiating by differentiating these two expressions, equation number 1 and
equation number 2 we can arrive at these two fundamental results. F 1 G 1 is equalto 1, F 0
plus F 1 G 0 is equal to 0, where the suffix 0 relates to differentiating will differentiating with
respect to s, and 1 represents to differentiation with respect to the other parameter, other
independent variable that the a 4 G depend on. For example, F depends on two parameters s
and v. So, when I write F 1 it is the derivative of F with respect to v and when I write F 0 it is

a derivative of F with respect to s.
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* Furthermore, we can always choose the scale
such that the bare and renormalized couplings
coincide at vanishing scale:

¢« F(0;v) = v (6)
* Since the (actual) bare (and possibly infinite)
parameter v must be independent of the scale,

the renormalized parameters measured at
different scales must be related to each other.
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Now, with we can choose the scale such that the bare and renormalized couplings coincide
when the scale is 0. In other words, we can define our scale in such a way, define s in such a
way that at s equal to 0 the renormalized and the renormalized value v and the bare value

renormalize value w I am sorry; renormalize value w and the bare value v coincide.

Let me repeat we can choose the s equal to 0 at that point, at that scale at which the bare
value or the bare parameter v equals the renormalized parameter or the value of the parameter
through renormalization that is w. So, I can write F 0 of v is equal to v, because remember F
0, F s of v was equal to w if you recall, F s of v was equal to w. We are defining the 0 of s

such a way that at s equal to 0, w is equal to v.
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* We shall now investigate this relationship
between renormalized parameters measured at
different scales.

* Under an infinitesimal change of scale, the
renormalized coupling must change as

. EW _ dF(s;v) _ dF(s;G(s;w))

ds ds ds !

* where in the last form all reference to the infinite
v has disappeared. )
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Now, we investigate the relationship between the renormalized parameters that is w and the
various scale that is the energy scales or such other scales. So, under an infinitesimal change of
scale the renormalized coupling will change as ds d w by ds, d w by ds is given by this
expression, and w is nothing but F s v and that is nothing but this expression where I have

substituted a v equal to G s or w.

So, interestingly if you look at this expression, the first and third equations, the first and third
terms there is no mention of the parameter v at all here. There is absolutely no mention of the
parameter v. Recall that the parameter v could also take infinite values in view of the concept

of renormalization that I had explained just a few minutes back.
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. |
* The scale s itself, however, could also be also infinite.

* The scale-dependence of w is therefore only

. . dF(s;G(s;
sensible if the last term M

independent of s, that is,

2 (Ew
ds \ds

T ds

ad
¢ = —
0v(
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Now, however, the scale itself can become infinite and therefore, this expression d w upon ds
can have a meaningful or a sensible value or a logical value only if the derivative with respect
to s or this expression d w by ds is independent of s, because s can take values up to infinity.

So, that being the case we must require that the derivative of w with respect to s must be

independent of s.

Now, if you simplify this expression, if you simplify this expression what we get is F 01, G 0
plus F 00 is equal to 0. There is quite obvious straightforward steps in simplification, nothing
else. Simply taking the total derivative as the expanding the total derivative that is it and we
get F 01, G 0, F 00. Recall F 00 is the is the second derivative of F with respect to s, F 01 is

the derivative of F with respect to s and with respect to v, and G 0 is the derivative of G with

respect to s.

IF(s;G(s;w))

as
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is actually

d | *F(sG(sw)) = Fy1Go+ Fyp =0 .
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I
* Hence, we have:

* Fy1Go + Fyo = 0§Also, from above:
* Fo+F{Gy=0. | Thus,

* Dividing by F; we can see that the requirement
becomes:

. a Fo(sw)\ _ i(dl’/as)_ 0
ds (Fl(s;v)) =0or ds \aF/ov) q
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Hence, we have two equations F 01 G 0 plus F 00 equal to 0 and F 0 plus F 1 G 0 equal to 0.
Using these two equations for substituting for G 0 from equation the second equation in
equation 1, I get the equation in the blue box. If I divide throughout by F 1 I can write this
equation in the form that is given at the bottom of your slide. The first equation at the bottom
of your slide which simplifies to the second equation, that is the equation given in the green

box at the bottom of your slide.
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* From above 1(M

ds F1(sv)) 0 ora(dl’/dv -

dF/ds

such that

9 9
' aF(s;v) = B(v)aF(s;v)

equation, to find &

* There must therefore be a function B(v) of v only,

* By separation of variables we can solve this

F(s;v) = %(s + h(v)), h(v) = J'
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Now, from this expression we find from this expression if you look at it carefully del by d by

ds, dF by ds, dF by dv is equal to 0. That means, what? That means, dF by ds is equal to some

constant into dF by dv, some dF by ds is equal to some function of v into dF by dv. dF by ds is

equal to some function of v into dF by dv. So, I can write it as this way dF by ds is equal to

beta of v, beta of v some function of v into dv by d; dF by dv.

By separation of variables we can solve this equation and we find that F s, v can be written in

the form of F script s plus h v, where h v is a new function which is obtained by this

expression integral of dv upon beta v.
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* We must havelw =vif s = 0] and therefore ¥

and h must be each other's inverse because:
v=w=F(0,v) =%h(v)) =v
This in its turn implies that:

w = F(h(w)).
w = F(s,v) = (s + h(v)) . Hence,
h(w) =s + h(v).

Iso:
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Now, w is recall, w is equal to v if s is equal to 0. By the definition of s, by the definition of
our scale we have defined our scale in such a way that at s is equal to 0, w is equal to v.
Therefore, what happens? v is equal to w is equal to F 0 v we have already shown that, is
equal to F h of v because s is equal to 0 here. If I put h equal to 0, I get this F 0 v which is
nothing but v, which is nothing but w. So, v is equal to w is equal to F 0 v is equal to F F

script, s is 0, so F script h v.

And from this what do I infer? I infer from v is equal to F h v, that F and h are inverses of each
other, and F and h are inverses of each other. And if h and F and h are inverses of each other,
we automatically have w is equal to F of h v. And w, but w is also equal to F h v that is equal

to F s plus h v. Now, from these two equations w is equal to F F script h v and w is equal to s



script s plus h I am sorry, I am sorry; w is equal to F script h w and w is equal to s script s plus

h v, that implies that h w must be equal to s plus h v.
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* Now we can take the derivative with respectto s :

d d ! ! 1
| W= F(s) = (s 4 hW) = 7 (hw) = 1
since

_ 0F(hw) _w _
9w ow

| (hw))h' (w) 1
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So, now we take the derivative with respect to s we get the d by ds of half w, d by d as of w is
equal to d by ds of F s v that is equal to F s plus h v, that is equal to that is equal to F dash F
script dash s plus h v that is equal to F script dash h w that is equal to 1 upon h dash w. This is
quite obvious because w is nothing but s plus h v, it is here. Just a minute, yes is here; h w is

equal to s plus h v. So, h w is nothing but s plus h v, so I have put this here.

And then I have this is nothing but yeah F s v is equal to F script s plus h v, F h v is equal to, F
script s plus h v the derivative takes the derivative here. And then we have s plus h v is equal

to h w, so this becomes here and this is equal to 1 upon h dash w. Why is this shown in the



expression on the red box? That F dash h w, h dash w is equal to 1 that is that is why F dash s

w is equal to 1 upon s dash w.
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* So that we finally arrive at the scale-dependence
of w using:
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So, we finally, arrived at the scale dependence d w by ds is equal to 1 upon s dash w and, but
h v is equal integral dv upon beta v and therefore, therefore, h dash w is nothing but beta w.
When you differentiate h v is equal to this expression you differentiate and put v equal to w,

what we get is beta w. So, d by ds is equal to w s, is equal to d by ds w s is equal to beta w.
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A
IMPORTANT FEATURES

1. All reference to the bare coupling has been
removed. 0

2. The renormalized coupling has a definite,
predictable dependence on the energy scale of the
measuring experiment.

3. The equation: %w(s)=[}(w) is called the

renormalization group equation, the group
operation in this case being the shift in scale.
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So, all reference to the bare coupling has been removed number 1. The renormalized coupling
has a definite predictable dependence on a energy scale of the measuring experiment that is
given by beta w. The equation d by ds, w s is equal to beta w is called the renormalization
group equation. And the group parameter is the shift in the scale, the group parameter or the
group operation is the shift in the scale. So, I repeat the equation d by ds w, as is equal to beta
w is called the renormalization group equation and the group operation is the shift in the scale.

So, this is important.
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4. The function B(w) is called the beta function. It
governs the running of the parameter, that is,
its behaviour under changes in energy scale.
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And beta w is the beta function which governs the running of the parameter that is the

behaviour under changes of the energy scale.

Thank you.



