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PREFACE

The Calcutta Institute of Theoretical Physics (CITP) is celebrating the 125% birth anniversary
of its founder Prof. Kulesh Chandra Kar this year. This institute was set up by Prof. Kar in his
residence in 1953 to hold meetings and discussions on a regular basis on new and emerging
topics in physics. These meetings enabled young and aspiring physicists to have a forum
beyond the daily grind of the regular learning and teaching process which are obviously
essential for survival. While the disciplined learning process is absolutely necessary, Prof.
Kar recognized, a century ago, that it is equally vital, equally demanding and in many ways
immensely fulfilling to have an education beyond the daily grind. Hence the emergence of
CITP. To celebrate the 125" birth anniversary of its founder, the institute organized a two-day
event covering essentially all aspects of theoretical physics. The vital role of symmetry in the
study of almost all physics related issues, the fundamental constituents of matter as envisaged
by high energy physicists, the intriguing coming together of quantum physics and the
classical world of gravity, the emergence of quantum computation, the contribution of S N
Bose to a prediction that had to wait seventy years for experimental confirmation, the ever-
fascinating world of astrophysics and the incredible mixing of biology with physics and
mathematics formed the framework of a two day celebration. We do hope that the publication
of the write-ups of the discussion will be enjoyed by those who were not actually present at

the event.

Prof. Jayanta Kumar Bhattacharjee,

Director, CITP, Kolkata



CONTENTS

Symmetries and symmetry breaking
— Parthasarathi Mitra, Formerly Professor,

SINP, Kolkata

Lekhapara niye kichhu jaruri katha

— Abhijit Kar Gupta, Associate Professor,
Physics Dept. Panskura Banamali College,
East Midnapore, West Bengal

Quantum Gravity

— Soumitra Sengupta, School Of Physical Sciences
IACS , Kolkata

Physics Education Research — An Overview

— Partha Pratim Roy, Center for Physics Education Research,

South Point High School, Kolkata

1—8

9 — 14
15 —32
33 —42



Symmetries and symmetry breaking

P. Mitra
Calcutta

Symmetry has been a key idea in particle physics.

First, a brief introduction.

e A symmetry is said to be present if an object has the same appearance
after a change is carried out.

We are familiar with reflection symmetry observed in nature and the ro-
tational symmetry exhibited by many geometrical shapes.

These symmetries, intuitively understood, can be made mathematically
precise.

A geometric figure is reflection symmetric about a straight line or a plane
if one half, on reflection about the line or the plane, coincides with the
other half. For example, the letter V.

A geometric figure possesses a rotational symmetry about an axis if a
rotation about that axis by a certain angle preserves the totality of the
figure. Any regular polygon is an example. The rotation is about the axis
cutting the plane orthogonally at the centre, through 27 /3 in the case of
an equilateral triangle A or /2 for a square [J. For a circle O, any angle
of rotation yields a symmetry. Thus, symmetries may be continuous or
discrete.

In physics, reflections and rotations can certainly be symmetries, but there
can be more general symmetries too. One has to specify what is being
transformed, how and what remains unchanged under it.

For example, if the velocity of a particle is rotated, its kinetic energy does
not change. Hamiltonians may be rotationally invariant. The action may
be invariant under Lorentz transformations. Maxwell’s equations in free
space are invariant when E is replaced by B and B by —E.



We shall mention some celebrated examples of symmetry and symmetry
breaking in elementary particle physics.

Like rotational invariance, parity invariance was also believed to hold in
nature. Normal electromagnetic interactions certainly do not break par-
ity invariance, which includes the invariance of Hamiltonians under the
inversion of all space coordinates and corresponding changes of all fields.

However, weak interactions break parity, as suggested by Lee and Yang
and demonstrated soon thereafter. The Nobel prize was awarded to them
in 1957.

The idea of symmetry in quantum mechanics and in theories of particles
and nuclei was developed to a great extent by Wigner, who won a Nobel
prize in 1963. Apart from extensive studies of angular momenta, he is
known for the theorem that a symmetry operation has to be represented
by a unitary operator or an antiunitary one.

Quantum electrodynamics, the quantum version of the gauge invariant
electromagnetic theory, took a long time to develop because of technical
problems. Feynman, Schwinger and Tomonaga won the Nobel prize for
this in 1965.

Developments in both theory and experiment followed in the sixties of the
last century. Many short lived particles were discovered and classified by
their quantum numbers manifested in the strong interactions.

Gell-Mann was led to the quark structure of the particles and successfully
predicted the existence of some new particle states. He won the Nobel
prize in 1969. His discovery was the relevance of the SU(3) group in
elementary particle physics.

This is simply the group of unitary 3x3 matrices of unit determinant.
Among the various quarks that occur, the u and the d are the lightest,
and the ones present in the proton and the neutron. If heavier quarks
and bound states made out of them are excluded, and the masses of the
quarks ignored, an SU(2) symmetry is easy to spot.

This is very closely related to the rotation group in a mathematical sense,
though of course the transformation from one quark to another is phys-
ically very different from a rotation in three dimensional space. This
symmetry is called the isospin symmetry in analogy with spin and has
been very successful in nuclear physics.

The extension of SU(2) to SU(3) becomes natural when the next quark,
namely s, is included too. Its mass is higher, but to some approximation
heavier quarks may be neglected and these three species of quarks consid-
ered together. The three quarks form the fundamental representation of
SU(3), while many mesons, which are quark-antiquark bound states, were



seen to be in the adjoint octet representation and some triple quark states
in a decuplet representation of the group.

The gauge theory of electromagnetism involves U(1) gauge transforma-
tions, where a complex wave function or field may be multiplied by a
phase factor, which is a U(1) or 1x1 unitary matrix.

It was generalized to theories involving more complicated gauge trans-
formations, like SU(2) or SU(3). This would require fields with internal
SU(2) or SU(3) symmetry groups. Weinberg and Salam, following sug-
gestions of Glashow, developed an SU(2)xU(1) gauge theory to describe
electroweak interactions. Doublet representations of SU(2) are provided
by the quark pairs u and d, ¢ and s, t and b, as well as by the lepton pairs.
Glashow, Salam and Weinberg were awarded the Nobel prize in 1979 after
elaborate tests of the model.

The breaking of parity in the weak interactions, which was a surprise in
the fifties, was soon built into theories of weak interactions involving a
combination of vector and axial vector currents with equal strength. This
makes parity violation maximal.

But time reversal invariance was respected by these theories, and there
was no experimental evidence to the contrary until the sixties. Cronin and
Fitch were awarded the Nobel prize in 1980 for observing the breaking of
this symmetry.

The standard model including both electroweak theory and quantum chro-
modynamics with its SU(3) colour symmetry became established, but
some puzzles remained. The major question was how the weak gauge
bosons become massive and thereby lead to short range interactions. Apart
from the weak gauge boson masses, the masses of other particles too were
difficult to explain in the chiral theory of SU(2) involving only left handed
doublets of quarks and leptons.

These could be explained by a breaking of the SU(2)xU(1) to U(1) in a
special way: through the breaking of the symmetry of the ground state
rather than directly of the interaction. This is called spontaneous symme-
try breaking.

Spontaneous breaking of symmetry had been studied by Nambu, for which
he got a Nobel prize in 2008, shared with Kobayashi and Maskawa, who
had studied the mixing of quarks and had noticed that the violation of
time reversal needed the existence of at least three pairs or generations of
quarks.

A detailed theory of spontaneous breaking of gauge symmetry had been
worked out in 1964 and was used in the subsequent construction of the
standard model of electroweak interactions. It was after the sensational



2012 discovery of a particle which can be regarded as a relic of the spon-
taneous symmetry breaking of the electroweak gauge symmetry that the
theoreticians Englert and Higgs were awarded the Nobel prize in 2013.

Next, we remind ourselves about translation and rotation.

Translation of an object in free space usually does not cause any change.
A system may be described by a Lagrangian L which satisfies the equation of
motion

d oLy _ oL
At 0¢;"  Oq;

Here ¢; stands for a set of generalized coordinates. If a particular coordinate
happens to be such that L is independent of it, the right hand side vanishes
for that coordinate, implying that the corresponding time derivative on the left
hand side vanishes, so that the partial derivative is constant. In other words,
the generalized momentum conjugate to that ¢; is constant.

When this cyclic coordinate ¢; is a Cartesian coordinate, a change in its
value is a translation and translation invariance of L implies conservation of the
corresponding momentum. For example, one may have

1
L= §m(x2 + 92+ 2) = V(z,y).

In this case, V is independent of z and mZ is constant.
A more interesting case occurs when there are two particles:

1 2 - .
L= §(m1x2 + mgyz) —V(Z—19).

There is no obvious cyclic coordinate, but L is invariant under
T—>r+ad, y—oy+d,
where @ is any constant vector. In such situations,

oL d 0L
i 6—%5%‘ = Z —)5%

i

indicating that ), p;d¢; is conserved, i.e., in this case (m; i+ mggj') is conserved.
This is the total momentum.

Another interesting case is when the cyclic coordinate is an angular variable.
If one uses spherical polar coordinates, related to the Cartesian ones by

x=rsinfcos¢,y =rsinfsing, z = r cosb,

a Lagrangian may happen to be independent of the angle ¢. Consequently, the
momentum conjugate to it, pg will be conserved. But

1 . .
L= §m(r2 +726% + r?sin? 06?) — V,



and
py = mr? sin? 0 = m(zy — yt),

which is the z component of the angular mommentum. All components of the
angular momentum are conserved if the system is spherically symmetric.

Global symmetries refer to symmetries under rigid transformations, which
may be internal, i.e., resident in internal field space, or associated with space-
time transformations like translations, rotations and more generally Lorentz
transformations.

Suppose a field theory is characterized by a Lagrangian density £(¢,0,¢)
and it is invariant under some infinitesimal internal transformations of the fields

¢
¢ —= O+ 00 =0+ e,

where € is an infinitesimal parameter and A is to be understood as a matrix
acting on the column vector ¢. The invariance means that

0L =0.

But

oL oL
8¢+ ———60,,6.

=95 90,0

Noting that ¢ and 0, commute because of the internal nature of the transfor-
mation, and using the field equation, we find

oL
6# ( 8(9#(25

5¢) = 6L.

If the Lagrangian density is invariant, the right hand side vanishes and it follows
that

oL
a“(aamw) =0.

This has the form of a conservation law
O J" =0,

and leads to a conserved charge

Q= / &) = / d>ETA,

whose time-independence follows from the observation that

2 0
EJ T a

Ji



and the space integral of the divergence is equivalent to a surface integral at
infinity, which can be set equal to zero with the understanding that all fields
vanish at infinity.

This connection between a symmetry and a conservation law is generically
referred to as Noether’s theorem.

Note that the Poisson bracket

{¢a Q} = Ao,

indicating that the charge is the generator of the symmetry transformation.

We have not specified what A is. It has to be such that the transformation
is a symmetry of the Lagrangian density. For example, if there are two scalar
fields ¢1, ¢2 and the Lagrangian density

1 1
L= 3 P O0" i — §m2¢i¢iv
where the sum over ¢ goes over the two values 1 and 2,

0p1 = €2, O = —cy

is a symmetry transformation. X is a 2 ® 2 antisymmetric matrix in this case.
If there are two symmetries, there will be two charges:

Q1= /dg’fﬂ'T/\lgb, Q2 = /dgfﬂ'T/\Qd).
In this case, the Poisson bracket

(Q1, Qo) = / BT M, Aol

as can be seen by using the fundamental Poisson bracket relations among the
fields. Thus the commutator of the two A-s appears in the Poisson bracket. The
right hand side looks like a conserved charge, but it is not obvious at this point
that it corresponds to a symmetry transformation. To see that it does, one has
to note that the infinitesimal symmetry transformations corresponding to (1
and )2, namely

5@5 =€e1\9, 5@5 = €220,
lead to finite transformations
¢ = exp(01A1)d, ¢ — exp(far2)d,

where 61, 05 are finite parameters now. The commutator of two such transfor-
mations is the composite transformation

¢ — exp(b1 A1) exp(62A2) exp(—01 A1) exp(—02A2)¢.



For small 64, 65, the change is
3¢ = 0102[ A1, A2]o.

This shows the commutator does indeed correspond to a symmetry transfor-
mation. Of course, the commutator may vanish, in which case the symmetry
is trivial. If it does not, a new symmetry is produced from the two original
symmetries and it is generated by the Poisson bracket of the two charges.

For fermions, the free Lagrangian density looks like

L =iy, —m)y.
A special internal symmetry transformation is given by
U= e Y (1—ie)y,

with an infinitesimal parameter €. This is of the general form considered in this
section. The conserved charge is [ d329pTep, which is just the number operator,
and follows from the conserved current

PyHap.

If the fermion field comes in a U (n) multiplet, € can be a hermitian n x n matrix.
Thus one may have a U(n) symmetry. The current

Py T

is conserved in the free theory. Here, T% is a generator of the symmetry.
Another symmetry occurring in theories with fermions which have no mass
term is given by

v — e_iwsw ~(1- ie”yf’)d).

This is essentially a phase transformation, but the left and right handed com-
ponents have different phases, hence it is called a chiral transformation. Mass
terms, if present, break this symmetry, which is satisfied by kinetic terms as
well as gauge interactions. The corresponding current conservation law is

(v yP) = 0.

This equation holds at the classical level only and there is a correction in the
quantum theory if gauge fields are present. This is called an anomaly.
Usually a mass term will be present. In that case, one finds that

(Vv y°) = 2imypy .

This is how the explicit breaking of the symmetry by the mass term manifests
itself in a nonconservation equation.



The fermion field here has been assumed to have both left and right handed
components. It is also possible to have a theory with just a left handed (or a
right handed) fermion without mass. Then the current is of the form

VLY Yr.

If the fermion field comes in a U (n) multiplet, € can be a hermitian n x n matrix.
Thus one may have a chiral U(n) symmetry

Y — (1 — T )ap.
The current
Py TP

is conserved in the free massless theory.
There are many other things one could talk about, but let us stop here now.

THANK YOU!
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Newton proposed the force of gravitation as a force acting between two masses kept at a
distance. It was a remarkable description of action at a distance and it is believed that
such an idea came to his mind when he observed an apple falling downward from the
tree. In absence of any obvious reason for this downward motion of the apple, Newton
conjectured that earth being a massive body attracts the apple towards it with a force

which he named ‘the force of Gravitation’.

To describe the force quantitatively, he obtained the quantitative description of the

magnitude of the force as
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Where M and m are the two point-like masses (Though the figure above doesn’t look
like that), R is the distance between them and G is a constant called Universal
gravitational constant.

The universality of the law as well as the value of ‘G’ was remarkably demonstrated
when this law was applied successfully to describe the planetary motion around the sun
which was earlier proposed by Keplar using extensive and valuable experimental data

found by Tycho Brahe.

Problem with Newtonian Gravity

According to Newton the gravitational force or interaction propagates instantaneously.
If mass M moves, gravitational force on m at a distant point changes instantaneously.
Hence m can sense the motion of M at the same instant when M has moved. Thus the
speed of propagation of gravitational effect is infinity i.e. it is instantaneous. This
contradicts a strongly established finding that no causal effect an propagate faster than
speed of light. Einstein’s Special Theory of Relativity which is established on strong
observational and theoretical support is based on the proposition that no information
can propagate faster than the speed of light. So far there is no observation which
contradicts the laws of Special Relativity. Thus, despite it’s huge success, Newtonian
gravity cannot be an accurate description of force of gravitation. Instead of Newtonian
concept of gravitational force, Einstein came out with a brilliant idea. According to

Newton, the space is flat (endowed with Euclidean Geometry) and a body travels along
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the shortest path i.e. straight line in absence of any external force. However, in presence
of force the body accelerates and moves in a curved path in space- time. These are the

essence of Newton’s Laws of Motion.

straight line in space - time
x = ut(NO ACCELERATION)

curved line in space- time

X = ut + at2/2
(ACCELERATION = a)
Newtonian picture

In absence of force the path in space-time is a straight line

-

In presence of force , the path in space-time is a curved line

Einstein’s picture — space time curvature
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Force and Geometry

Presence of mass (energy) curves the space-time (as shown in the figure above).The
shortest distance is now a curved line giving the illusion of acceleration and hence the
existence of gravitational force. Thus the illusion of force originates from curved geometry.

Flat geometry
In flat Euclidean geometry there always exists a coordinate in which the shortest distance

between two points

(x,y,z) and(x+dx,y+dy,z+dz) is
ds? = dx2  + dy?  + dZ?

Curved geometry

In curved spacetime the shortest distance is,

ds? =(1+f4 (xy2) dx® + (1+ fo (xy2) dy? +

(1+f5 (xy2) dz?

where the coefficients are never (1,1,1) like flat geometry. These extra quantities ‘f

‘ measures the curvature of the space and determine whether the space is flat or curved.
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Four Dimensional Space-Time
According to Einstein, the time is also like a coordinate for the description of an event and

therefore distance between two points in four dimensional curved geometry is (Taking ¢ =

1)

ds? =(1+fq)dx®+ (1+ fo) dy?+

(1+ fg)dz2-(1+ f,) dt?

These coefficients of the differentials are called metric of the space-time.

Riemannian geometry

From this metric we construct various tensor quantities
RGB (f 1, fo, f3, f4), Roreven higher rank tensors

which measure the curvature of the space-time. They depend on the metric and their

derivatives.

If fq fo,f 3 f4 =0 then all the curvature functions are zero which implies flat

space-space-time.
Einstein’s Equation:

We write this famous equation in a simple and symbolic way,

R = kM
R measures curvature, M measures mass (energy) and k is a constant proportional to the

universal constant ‘G’ .
Thus, Mass (energy) curves space-time. A particle travels in a curved line in such a space-
time and we imagine that there is a force called Gravity. This theory is called the General

Theory of Relativity.
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In flat space in Cartesian coordinates :

ds2 = dx2  + dy?  + dZ2 - dt?
However, the flat space in polar coordinates:
ds? = drf  +r2de?  + r? sin%0 do? - dt?

solve Einstein’s equation in polar coordinate for solar mass ‘M’ to determine:

fq fofa.fy

Schwarzschild geometry for mass M
D2 = (1-26Mr)T ar? - (1 - 2GM/r) dt?

+12de?  + 12 sin%e do?
M = 0, Space Time Is Flat new definition of mass/energy makes space-time curved and
inducts effects similar to gravitational force tests of Einstein’s picture consider solar mass

and solve Einstein’s equation to find the path for a planet. The Result is an Ellipse!!

But this is same as Keplar’s law of planetary motion as explained by Newton’s law of

gravitation.
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Curved Space Time

Something more !!
Einsteins theory predicts something more than just elliptical motion.it predicts perihelion

precession of the planetary orbits as shown in figure below:

il Marcury
W

c? Ot?
Complete agreement
From FEinstein’s theory, the angle of rotation for the planet Mercury = .011 degree per

century. This exactly matches with the experimental data.
Subsequently the bending of path of light was tested with experiment to confirm the

validity of Einstein’s description of force of gravity through space-time geometry.

Gravitational wave equation

Using Einstein’s equation, the metric coefficients ‘f” as described earlier are found to

satisfy the wave equation below,
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This according to Einstein’s theory the movement of mass causes space-time curvature to
fluctuate like the surface of an ocean which travels like a wave at speed ¢ = 300000000
m/sec.

Gravitational wave subsequently detected experimentally in LIGO detector to confirm the
above finding and ensures that it doesn’t travel faster than light as was found in Newton’s

law of Gravitation.

Gravitational Wave

Cosmology

Einstein’s General relativity is successfully then applied to understand the birth and
expansion of the universe following Hubble’s Law. Hubble found that our visible universe
is expanding with time and if we go back in time then at some initial time t = 0 the whole
universe focusses into a point. Thus from this point. due to a huge explosion called big

bang, about 14 billion years ago, the universe started to grow.
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BLACK HOLES
From Einstein’s equation, due to space-time curvature, a star may collapse into a very

dense state such that the spacetime around it become viciously curved and even light can
escape when it reaches up to a distance from the centre of the mass distribution. The
surface defining this distance is called horizon and this state of space-time is called Black

hole.

HIGH CURVATURE LEADS TO BLACK HOLE

Recall that for a mass M,
ds? = (1-26M/r)1 dr -(1 — 2GM/r ) dt2 + r2 de2 +
r2 sin20 d(p2
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For r < 2GM, the signatures of the coefficients of r and t are reversed and like time r can
change only along one direction!! Thus, for a Black hole, the radial coordinate of an in-
falling particle always decreases.

Once Inside r = 2GM, anything (Even Light) Can travel only in one direction!! All paths
(geodesics) converge to origin r = 0 and ends lead to Black hole singularity.

R =2GM is called the horizon radius of black hole. Evidences of existence of black holes
put Einstein’s theory on strong footing that the Gravitational force is manifestation of
Space-time geometry.

Questions
Is Einstein’s theory final theory of gravity?

Is it consistent with Quantum theory?

Classical theory
In classical mechanics fundament al law is Newton’s law:

Force =m d2x/dt2

It’s solution gives position x of the mass m at time t as,

X =x(t)
Quantum Theory
According to Quantum Theory:
For microscopic particles we can not find the path exactly. Instead we can find a function y

(x, t) which gives probability or chance to find the particle at the point x at time t.

This probability function satisfies Schrodinger equation H v = i1 h/2n dy/dt (H 1is the
Hamiltonian or total energy operator). The solutionis ¥ (t)=:exp [ -1/(h/2n) [hdt]y
(t=0)

Semiclassical theory

Trea t force ----Classically

Particle -- Quantum mechanically
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STEPHEN HAWKING

Semiclassical Theory

Black hole are treated as classical gravity and the in-falling particles are treated following
quantum mechanics.

Is black hole really black?

(a semiclassical effect!)

For flat space in polar coordinate:
ds2= dr2 - dt2 + r2de2 + r2 sin2e d(p2

For a star of mass M the geometry

ds2 = (1-2GM/r)1 dr? - (1 - 2GMIr) dt?
+ r2 de2 + r2 sin2e d(p2

Singularity
ds2 = (1-2GM/r)1 dr2 - (1-2GMir) dt?

+ r2 d62 + r2 sin2e do2

(Take G = 1 in some appropriate unit)

At r = 0 the metric blows up and the theory fails. This is expected since the source M is
sitting at r=0. However, the singularity at =2M is unexpected.

A metric component becomes infinity implies that the physics breaks down? But why it
should happen at r = 2M?

It is because of wrong choice of coordinates!!

Change coordinate -- no singularity at r = 2M.

Wha t happens near horizon?

Consider a point very close to horizon (near horizon).
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r= 2M + x2 /8M (x is very very small)

Asx > 0,r—> 2Mi.e. the horizon.

Neglecting higher powers of x, we have,

D2 =-(kx)? dt? + dx? + (d6?+ sin20 d®?2)4k2
(k = 1/4M)

Near horizon 2-dimensional space-time

D2 =  .(kx)? dt? + dx?

Now remember 2-dim flat space has no singularity:

d52 - dx2 + dy2 (cartesian)

d32 2 2 + dr2 (polar)

]
-
o
(<~}

Euclideanize the time t—=> it=0

D2 =  x2 d(ke)2 + dx2

No singularity ----- flat space with radial

Coordinate x and angular coordinate k6 with period 2n
Period of euclideanized time 0 is 2m/k.

Consider quantum theory near the horizon

Hy = i (h/2m) dy/dt

W (t) =:exp(-i/(h/2m) [Hdt)W¥ (t =0)
Evolution operator: exp (- i/ (h/2m) [ H dt).

Integra ting over i t = 0 over full period

exp (-2 1/ hk H)
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This is Similar to Boltzman factor exp (-E/ k BT) for a thermal bath. (kB is Boltzmann
Constant) Comparing, we find that the Temperature

T=hk/ 2 n kB ->Hawking temp

The horizon of the black hole in a singularity free coordinate

Exhibits a thermal character with a characteristic temperature

T = hk/i2m kB (A QUANTUM ORIGIN )
As k=1/4 M, Hawking temperature decreases with mass of the black hole.
For twice solar mass Hawking temperature is~nano-kelvin.
(less than background cosmic microwave ~ 3 k) -- so invisible.
As the black hole swallows mass / energy it’s temperature decreases implying a negative
specific heat and more it swallows it’s horizon area keeps on increasing just as entropy.

The entropy of the black hole is identified as,

s = Al4
A = area of the horizon

Using these, we find that these quantities have similar relations among themselves just as
laws of thermodynamics

kdA = dM + wdJ
dA > 0 etc.

Before going inside the blackhole the objects have  definite information about their
characteristics (ordered). Due to it’s temperature what may come out from black hole (as
radiation) is a thermal radiation

(disordered) implying information loss!

Quantum description of Force

Instead of semiclassical theory we must consider quantum theory of the full system. For

this we need to know: quantum theory of gravity. Our quantum understanding of force
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between two particles are exchange of some force mediating particles (called the quanta of
force)
For example

Force between electrons

Force Quanta:

1. electromagnetic force ---- photon
2. weak nuclear force ---- w+, w-, z
3. strong nuclear force --- 8 gluons
4. gravitational force — gra viton

However to describe quantum mechanically, the last one namely gravity brings in A
famous problem called Quantum gravity problem.

According to quantum theory exchange of electromagnetic force is
exchange of a particle (quanta) called photon. What is the similar description for
gravitation in the language of space-time geometry proposed by Einstein?

Quantum aspects of gravity- a longstanding problem

For gravitation the spacetime curvature is described by a fluctuation of
geometry about the flat space-time:

2 2

D2 =(1+f)dl+ (1+ f,) dy? +

2

2
(1+ fg) dz°-(1+ f,) dt
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= + VG h (h

Mo Ha , Ha -2>Graviton )

I

Note that G has dimension (mass) ~ 2
A scalar — gravity coupling is given by,

g% 9, ®a, ® =9, ©H © +Vah"" 9, 09,0

M M

Second term in the right hand side gives the graviton-scalar coupling.

Amplitude for the graviton exchange:

G VG

Graviton

~ (E2 G) (IN UNIT h =1, c¢ =1) Where E is centre of mass energy. This
implies that quantum effects of Gravity is relevant at energy scale.

E ~1/G12 = 1019 GeV called Planck energy
( Mp)we are ony at 103 Gev!! (LHC)

Can ignore graviton exchange effects but why is it a problem?

VG NG

Graviton

VEAANAAANN VG
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LOOP DIAGRAMME

2-GRAVITON EXCHANGEAMPLITUDE ~ A% /mp

The amplitude is UV divergent and non-renormalizable.

Einstein’s gravity is incomplete at high energy (short distance) and needs correction due to
Quantum effects.

String Theory

Fundamental entities are not point-like particles but one dimensional strings which interact

as the figure below. This helps to remove divergences.

Loop Quantum Gravity

Space-time is not continuum but described by discrete spin network. This idea also offers a

possible resolution to avoid divergences.

Each of these concepts bring in some additional questions whose complete answers are not

known yet
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Laboratory at sky

Hubble Space Telescope

Laboratory on Earth
Large Hadron Collider

Our search to understand the deeper mysteries of Space-time continues to unveil the story

of this beautiful Universe.
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Physics Education Research — An Overview

Partha Pratim Roy
Center for Physics Education Research, Kolkata
South Point High School, Kolkata

Physics teaching and learning at different levels, from high schools to colleges and
universities, are facing enormous challenges in recent times. There is a continuous decrease in
the number of enrollments in physics courses and, even if students are enrolled, they are not
showing interest in attending classroom lectures. When asked, students complain about the
archaic nature of the physics curricula, traditional lecture based teaching methods, non-
availability of jobs for physics graduates, domination of engineering and computer science based
skills in methods of physics research, etc. How can the physics community address the problem
and find a solution? Here comes the importance of ‘Physics Education Research’ or simply PER,
an interdisciplinary field for studying such problems and searching for solutions. How students
learn physics and assimilate the concepts for future applications is the question that triggered the
emergence of this field. Improvement and updating of the existing curriculum, introduction of
scientific pedagogical techniques for better learning outcomes, development of innovative
assessment and evaluation tools, linking physics based skills to jobs, etc. are necessary to address
the problems mentioned above. Findings from Physics Education Research show that general
educational research is not sufficient for solving physics specific instructional and curricular
issues. Therefore, PER is necessary for addressing issues in physics education, like Mathematics

Education Research is for issues in mathematics education.

Physics Education Research (PER) is a recognized field of research like High Energy
Physics, Condensed Matter Physics, Materials Physics, Astrophysics, Biophysics etc. in the
Physics departments of universities globally. In the USA, there are very active Physics
Education Research groups at University of Maryland College Park, University of Colorado, The
Ohio State University, University of Illinois, North Carolina State University, Rutgers University,
University of Washington Seattle, Arizona State University, Kansas State University, and many
others. Also in Europe there are PER groups at Edinburgh University, University of Glasgow,
Uppsala University, Goethe University, Ludwig Maximilian University, Technical University of

Munich, and many others, in their physics departments. In India, dedicated research groups of
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PER exist only at the Homi Bhaba Centre for Science Education of TIFR. Center for
Physics Education Research Kolkata, India, is an initiative of some physics educators of Kolkata
to study curricular and instructional issues of physics education in West Bengal. There is enough
scope of research on physics education in India, where science education in general and physics
education in particular are in a very sorry state, and remedial actions are badly needed. However,
most of the physicists here think that by virtue of being researchers of other areas of physics they
are automatically qualified to talk about physics education research without any training in this
field. This approach should change, and we need to take a professional approach to PER. There
should be a formal process of training in this field if we are serious about addressing the

problems.

There exists dedicated journals for publishing research articles on PER. ‘Physical Review
Physics Education Research’ is the journal of the renowned Physical Review series. PER section
of the ‘American Journal of Physics’, ‘Physics Education’ of the European Physical Society,
‘The Physics Teacher’ of the American Association of Physics Teachers (AAPT) are the most
impactful among the PER community. In addition, PER papers are also published in journals of
Education, Psychology, Cognitive Science, viz. ‘Cognition and Instruction’, Journal of The
Learning Sciences, Journal of Research in Science Teaching, Journal of Science Education, and
the like. In March 2024, the famous journal Nature Physics published a focus issue on Physics
Education Research to emphasize the importance of this field of research. In India, however,
physics related societies are not very serious about publishing any such journal. Physics
Education, published by the Indian Association of Physics Teachers, and Physics Teacher,
published by the Indian Physical Society, publishes articles on different fields of physics, but not
on physics education. If there are some articles on physics education, they are mostly opinions,
not research. The Indian Academy of Sciences publishes Resonance, the journal of science
education, which contains articles of science written for high school and undergraduate students
by experts in that field. A Journal of Science Education is expected to publish research articles
on science education, not just undergraduate version of the topics of advanced research. To help
improve the state of physics education in particular and science education in general, in our
country, our scientists need to bridge the gap between two different perspectives - the
perspective of pedagogy, psychology and sociology, and the perspective of disciplinary

authenticity and content.
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Methods of Physics Education Research are mostly the methods used in educational,
psychological and anthropological research. Neurological techniques like fMRI (functional
Magnetic Resonance Imaging) are also used for collecting data. The methods can be quantitative,
qualitative or a mixture of both. Quantitative methods use statistical analysis of survey data and
in qualitative method analysis of transcripts of interviews with students, video of activities like
problem solving sessions, discussion sessions etc. are done. For quantitative research, concept-
survey tests are developed for data collection. Force Concept Inventory (FCI) is one such test
that has had enormous impact in undergraduate teaching of basic Newtonian mechanics. FCI is
being used since 1995 to measure concepts of force and motion among high school students and
undergraduates. FCI was developed by David Hestenes, Malcolm Wells, and Greg Swackhamer
in 1992 at the Department of Physics of The Arizona State University, and was later modified by
Richard Hake and Ibrahim Halloun in 1995. Eric Mazur of the department of physics, Harvard
University, had used FCI to measure the Newtonian concepts of force and motion among his
students. He was shocked to discover that 70% of his students were Aristotelian even after
completing his course on Newtonian mechanics with excellent grades. To remedy the situation,
he developed a method of teaching what he called “Peer Instruction”. Learning of the concepts
had improved considerably after using this new technique. He had published his findings in his

papers on PER.

Qualitative research is inductive in one hand and subjective in other. The data collected
by a qualitative researcher are non-numerical and are in the form of statements of opinions,
understandings, beliefs, pictures, videos etc. Analysis of these data are made by finding words or
group of words communicating a specific state of mind or a specific kind of concept, and several
hypotheses are made based on this analysis. This part of the research is subjective in the sense
that the way the researcher understands the issue influences the hypothesis to be made. The
research questionnaire prepared for collecting data is also influenced by subjective viewpoint of
the researcher. Testing of the hypotheses using quantitative method is finally necessary to draw
an objective inference about the problem. Any research of significance should have to be both

qualitative and quantitative.
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Developing concept inventories is an important trend in physics education research.
Equally important is the analysis of the data obtained after using the inventories. Other than FCI,
there are tests like MMCE (Mathematical Modelling Conceptual Evaluation), VET (Vector
Evaluation Test), FMCE (Force Motion Concept Evaluation), HTCE (Heat Temperature Concept
Evaluation), ECCE (Electrical Circuits Concept Evaluation) — all developed by Ron Thornton of
Tufts University and David Sokoloff of University of Oregon, together. There are also tests like
ECS (Energy Concept Survey) by Chandralekha Singh of University of Pittsburgh, DIRECT
(Determining and Interpreting Resistive Electric Circuits Concept Test) by Paula V. Engelhardt
of Tennessee Tech University and Robert J. Beichner of North Carolina State University, which
are developed and used for purposes of research on conceptual foundations of students on
specific topics. Based on the results of these surveys, pedagogical and curricular interventions
are proposed. Devising models of intervention is also another important trend in PER. “Peer

Instruction” of Eric Mazur is the outcome of such interventional research after using FCI.

How to create an active learning environment is also a trend in PER. SCALE-UP
(Student Centered Active Learning Environment with Upside-down Pedagogies) is such a
project developed by Dr. Robert Beichner of North Carolina State University in mid-1990s, and
it prescribes a kind of classroom design appropriate for active learning. As many as 500
institutions including MIT has adopted SCALE-UP in undergraduate classrooms. Eugenia Etkina
and her PER group of Rutgers University invented ISLE (Interactive Science Learning
Environment) for creating active learning environment using experiments in high school and
undergraduate classrooms. Observational Experiments, Testing Experiments and Application
Experiments are the three pillars of ISLE. After making observations and measurements,
students represent their observations through diagrams, graphs, tables etc. and form a hypothesis
to explain what they observed. To test whether their hypothesis is tenable or not, students design
a Testing Experiment. If the hypothesis is not rejected, students devise application experiments
to see how the hypothesis can be used to innovate devices for everyday applications. The
process of active, discovery-based learning is closely related to philosophical issues related to
pedagogy. Research on personal epistemology, primitive concepts and beliefs are important
trends in this direction. Andrea diSessa of University of California, Berkeley was a leader in this

trend of PER. A deep understanding of the concepts of physics is necessary to begin research in
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this direction. Frederick Reif of University of California, Berkeley is also a trendsetter in

this direction. His famous text on Statistical Physics is an evidence of that.

Physics Education Research is done in collaboration between the departments of Physics
and Education. PhD students can get degrees either in Physics or in Education, depending on the
department in which the candidates have taken major courses. What are the major courses
necessary to begin with PER? As we need training in quantum field theory (QFT), statistical
mechanics, critical phenomena, techniques of simulation, etc. to enter condensed matter physics,
a physics education researcher is required to take courses on research methodology, cognitive
psychology, epistemology, etc. in addition to the courses like quantum mechanics, QFT,
Statistical Mechanics, etc. Without a grasp over foundations of any topic of physics how can a
researcher investigate what is happening in a learner’s mind when the learner is trying to
understand that topic? While others use QFT, Stat-Mech etc. to investigate natural phenomena,
the physics education researcher creates mind-map of those subjects as a student learns them.
The growth of the textbooks by Griffiths, e.g. Introduction to Quantum Mechanics, is the result
of such research. Without compromising with the authenticity and rigor of the subject, the
learners’ process of thinking is always kept at the centre of such research. In this era of artificial
intelligence and machine learning, PER can develop algorithms to devise a teaching guide for
teachers and a learning guide for students to incorporate individual learner’s characteristics in the
learning and teaching process. Data from quantitative and qualitative research can help build
such algorithms for different topics of physics. Classroom teaching as well as remote teaching of
physics have been transformed significantly by PER in several famous universities worldwide,
and a lot more this research can contribute to both the process and product of physics

departments, if proper emphasis and funding continue in this field.
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