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HIGHLIGHTS OF 2006- 2007

This annual report covers the activities of [UCAA duringits nineteenth year, April2006-March 2007. The endeavours
of TUCAA span different fronts, as outlined in the pages of this Report. Here is a quick summary and highlights.

IUCAA has an academic strength of 16 core faculty members (academic), 15 post-doctoral fellows and 20 research
scholars. The core research programmes by these academics span a variety of areas in astronomy and astrophysics. These
topics include quantum theory and gravity, classical gravity, gravitational waves, cosmology and structure formation,
cosmic microwave background radiation, active galactic nuclei, quasar absorption system, high energy astrophysics,
galaxy and interstellar medium, stellar physics, solar physics, and instrumentation. These research activities are
summarised inpages 17-53. The publications of the [UCAA members, numbering to about 76 in the current year are
listed in pages 77-80. IUCA A members also take part in pedagogical activities like lectures, seminars, popularisation of
science, etc., the details of which are given in pages 85-86 of this Report.

The extended academic family of IUCAA consists of about 85 Visiting Associates, who have been active in several
different fields of research. Pages 54-73 of this report highlight their research contributions  The resulting
publications, numbering to about 88 are listed in pages 81-84 of this report. A total of about 1265 person-days were
spent by Visiting Associates at IUCAA during this year. In addition, IUCAA was acting as host to about 495 visitors
through the year. During the current year the Visiting Associates were drawn from over 60 universities and colleges from
all over India. The Visitors to [UCAA came from over 100 institutions, universities and colleges, which indicates the
extent of participation of the university sector in [UCAA's activities.

IUCAA conducts its graduate school jointly with the National Centre for Radio Astrophysics, Pune. Among the research
scholars, one student has successfully defended her thesis and obtained Ph.D. degree from the University of Pune
during the year 2006-2007. Summary of her thesis appears in pages 74 - 76.

Apart from these activities, [UCAA conducts several workshops, schools, and conferences each year, both at [UCAA
and at different university/college campuses. During this year, there were 7 such events in IUCAA and 6 were held at
other universities/colleges under IUCAA sponsorship.

Another main component of [UCAA’s activities is its programme for Science Popularisation. On the National Science
Day, several special events were organised. There were posters displayed by the academic members of IUCAA, which
elaborated on the research work at [UCAA and topics in the field of astronomy. There were public lectures given by the
faculty members and programmes for school students consisting of quiz, essay and drawing competitions. During the
Open Day, more than 6000 people visited [UCAA.

These activities were ably supported by the scientific and technical, and administrative staff (21 and 32 in number
respectively) who should get the lion’s share of the credit for the successful running of the programmes of the centre. The
scientific staffalso looks afterthe major facilities like library, computer centre, and instrumentation lab. A brief update
on these facilities is given on pages 112-119 of this Report.

The IUCAA Girawali Observatory was dedicated to astronomy research and education by Professor Yash Pal on May
13, 2006. The Optical Astronomy activity is poised for further strengthening in another front. [IUCAA has taken
partnership in Southern African Large Telescope (SALT) paying for about 6% of the observing time which translates to
about 15 nights a year. This 10 metre class telescope, run by a Consortium of universities and institutes, will help [UCAA
to do cutting-edge research in this field.

T. Padmanabhan
Editor



The Council
and the Governing Board

The Council
(As on March 31, 2007)

President

Sukhadeo Thorat,
Chairperson,
University Grants Commission, New Delhi.

Vice-President

Mool Chand Sharma,
Vice-Chairperson,
University Grants Commission, New Delhi.

Members

Anil Kakodkar,
(Chairperson, Governing Board)
Chairman, Department of Atomic Energy, Mumbai.

Amarjyoti Choudhury,
Vice-Chancellor,
Gauhati University, Assam.

Jishnu Dey,
CSIR Emeritus Scientist,
Presidency College, Kolkata.

Sanjeev Dhurandhar,
IUCAA, Pune.

T. Ramasami (officiating),

Director General,

Council of Scientific and Industrial Research,
New Delhi.

J.N. Goswami,
Director,
Physical Research Laboratory, Ahmedabad.

Arun Grover,
Tata Institute of Fundamental Research, Mumbai.

Mushirul Hasan,
Vice-Chancellor,
Jamia Millia Islamia, New Delhi.

Narendra Jadhav,
Vice-Chancellor,
University of Pune, Pune.

Romesh K. Kaul,
Institute of Mathematical Sciences, Chennai.

T.R. Kem,
Secretary,
University Grants Commission, New Delhi.

Vijay Khole,
Vice-Chancellor,
University of Mumbai, Mumbai.

Nagnath Kottapalle,

Vice-Chancellor,

Dr. Babasaheb Ambedkar Marathwada University,
Aurangabad.

K. Ramamurthy Naidu,
Banjara Hills, Hyderabad.

G. Madhavan Nair,
Chairman,
Indian Space Research Organisation, Bangalore.

Rajaram Nityananda,
Centre Director,
National Centre for Radio Astrophysics, Pune.

T. Ramasami,
Secretary,
Department of Science and Technology, New Delhi.

Amitava Raychaudhuri,
Director,
Harish-Chandra Research Institute, Allahabad.

Y.C. Simhadri,
Vice-Chancellor,
Patna University, Patna.

R.C. Sobti,
Vice-Chancellor,
Panjab University, Chandigarh.

Ajay K. Sood,
Indian Institute of Science, Bangalore.

Member Secretary

Naresh Dadhich,
Secretary, Council of IUCAA and
Director, IUCAA, Pune.

The following members have served in the
Council for part of the year

Mustansir Barma,
Department of Theoretical Physics,
Tata Institute of Fundamental Research, Mumbai.

A.N. Basu,
Vice-Chancellor,
Jadavpur University, Kolkata.



S.K. Dube, C.V. Vishveshwara,

Director, Honorary Director,

Indian Institute of Technology, Kharagpur. Jawaharlal Nehru Planetarium, Bangalore.
Ratnakar Gaikwad, The Governing Board
Vice-Chancellor, (As on March 31, 2007)

University of Pune, Pune.
Chairperson

Rajen Harshe,
Vice-Chancellor, Anil Kakodkar
University of Allahabad, Allahabad.
) Members

Seyed E. Hasnain,
Vice-Chancellor, Sanjeev Dhurandhar
University of Hyderabad, Hyderabad. Narendra Jadhav

. T.R. Kem
N.K Jain, Vijay Khole
Vice-Chancellor, . K. Ramamurthy Naidu
University of Rajasthan, Jaipur. Rajaram Nityananda

. Amitava Raychaudhuri
A K. Kembhavi, R.C. Sobti
IUCAA, Pune. Ajay K. Sood
Arvind Kumar, Member Secretary
Centre Director,
Homi Bhabha Centre for Science Education, Mumbai. Naresh Dadhich
RA. Mashelkar, The following members have served in the
Director General, . Governing Board for part of the year
Council of Scientific and Industrial Research,
New Delhi. Chairperson
S. Mukherjee, N. Mukunda
Department of Physics,
North Bengal University, Siliguri. Members
N. Mukunda, S.K. Dube
(Chairperson, Governing Board), Rajen Harshe
Indian Academy of Sciences, Bangalore. Seyed E. Hasnain
A K. Kembhavi

Deepak Pental, C.V. Vishveshwara

Vice-Chancellor,
University of Delhi, Delhi. Honorary Fellows
V.N. Rajasekaran Pillai,

Vice-Chairperson,

University Grants Commission, New Delhi.

Geoffrey Burbidge,
University of California,
Centre for Astronomy and Space Sciences, USA.

G. Rajasekaran,

The Institute of Mathematical Sciences, Chennai. E. Margaret Burbidge,

University of California,

V. S. Ramamurthy, Centre for Astronomy and Space Sciences, USA

Secretary,

Department of Science and Technology, New Delhi. Russell Cannon,

Anglo-Australian Observatory, Australia.
S.K. Sanyal,

Vice-Chancellor. Jurgen Ehlers,
0 Max-Planck Institute for Gravitational Physics, Golm,
Jadavpur University, Kolkata. G
ermany.



A. Hewish,
University of Cambridge, UK

Gerard ‘t Hooft,
Spinoza Institute, The Netherlands.

Donald Lynden-Bell,
Institute of Astronomy,
University of Cambridge, UK

Yash Pal,
Noida.

Allan Sandage,
The Observatories of the Carnegie Institute of
Washington, USA.

P.C. Vaidya,
Gujarat University, Ahmedabad.

Visiting Professors

Professor Roy Maartens,
Institute of Cosmology and Gravitation,
Portsmouth University, UK

Sailo Mukherjee,
North Bengal University, Siliguri.

Anvar Shukurov,
University of Newcastle, UK

Alexei Starobinsky,
Landau Institute for Theoretical Physics, Russia.

Statutory Committees
(Ason March31, 2007)

The Scientific Advisory Committee (SAC)

Abhay Ashtekar,
Center for Gravitation, Physics and Geometry,
The Pennsylvania State University, USA.

Rohini Godbole,
Centre for Theoretical Studies,
Indian Institute of Science, Bangalore.

John Hearnshaw,
University of Canterbury,
Christchurch, New Zealand.

Umesh C. Joshi,
Physical Research Laboratory, Ahmedabad.

Alain Omont,
Institut D’ Astrophysique de Paris, France.

S.K. Pandey,
School of Studies in Physics,
Pt. Ravishankar Shukla University, Raipur.

T.P. Prabhu,
Indian Institute of Astrophysics, Bangalore.

Ashoke Sen,
Harish-Chandra Research Institute, Allahabad.

N.K. Dadhich (Convener)
IUCAA, Pune.

The Users’ Committee
(From January 1, 2007 — December 31, 2009)

N.K. Dadhich (Chairperson - Ex-Officio member),
Director, [UCAA, Pune.

Goutam Biswas,
Vice-Chancellor,
Assam University, Silchar.

A.K. Kembhavi (Convener),
IUCAA, Pune.

T. Padmanabhan,
IUCAA, Pune.

Shantanu Rastogi,
Department of Physics,
D.D.U. Gorakhpur University.

H.P. Singh,
Department of Physics and Astrophysics,
University of Delhi.

Parimal H. Trivedi,
Vice-Chancellor,
Gujarat University, Ahmedabad.

Anwar Jahan Zuberi,
Vice-Chancellor,
University of Calicut.

The Academic Programmes Committee

N.K. Dadhich (Chairperson)
T. Padmanabhan (Convener)
J. Bagchi

S.V. Dhurandhar

Ranjan Gupta

A. K. Kembhavi

Ranjeev Misra

M. Parikh (from 17.11. 2006)
A.N. Ramaprakash

S. Ravindranath

Varun Sahni

Tarun Souradeep

R. Srianand



K. Subramanian
S. N. Tandon

The Standing Committee for
Administration

N.K. Dadhich (Chairperson)
A.K. Kembhavi

T. Padmanabhan

K.C. Nair (Member Secretary)

The Finance Committee

A. Kakodkar, Chairperson

R.K. Chauhan

N.K. Dadhich

S.V. Dhurandhar

T.R. Kem

R. Nityananda

A. Pimpale

K.C. Nair (Non-member Secretary)



Members of IUCAA

Academic

N.K. Dadhich (Director)

T. Padmanabhan (Dean, Core Academic
Programmes)

A K. Kembhavi (Dean, Visitor Academic
Programmes)

J. Bagchi

S.V. Dhurandhar

R. Gupta

R. Misra

M. Parikh (from 17.11. 2006)

A.N. Ramaprakash

S. Ravindranath

V. Sahni

Tarun Souradeep

R. Srianand

K. Subramanian

S. N. Tandon

Emeritus Professor

J.V. Narlikar

Scientific and Technical

N.U. Bawdekar
S.S. Bhujbal
M.P. Burse
S.B. Chavan

V. Chellathurai
K.S. Chillal
P.A. Chordia
H.K. Das

S. Dhurde

S. Engineer (till 15.11.2006)
G.B. Gaikwad
S.U. Ingale
A.A. Kohok
V.B. Mestry

V. Mohan

N. Nageswaran
A. Paranjpye
S. Ponrathnam
VK. Rai

H.K. Sahu

Y. R. Thakare

Administrative and Support

K. C. Nair (Senior Administrative Officer)
N.V. Abhyankar

V.P. Barve

S.K. Dalvi

S.L. Gaikwad

B.R. Gorkha

B S. Goswami

S.B. Gujar

R.S. Jadhav

B.B. Jagade

S.M. Jogalekar
S.N. Khadilkar
S.B. Kuriakose
N.S. Magdum
M.A. Mahabal

S. G. Mirkute
E.M. Modak
K.B. Munuswamy
R.D. Pardeshi
R.V. Parmar

B.R. Rao

M.S. Sahasrabudhe
V.A. Samak

S.S. Samuel

B.V. Sawant

S. Shankar

D.R. Shinde

V. R. Surve

D.M. Susainathan
S.R. Tarphe

S.K. Waghole
K.P. Wavhal

Post-doctoral Fellows

Vivek Kumar Agrawal (till 07.04.06)
S. Barway

S. Basak

R. Gopal (from 21.08.06)

S. Joshi

M. Joy

R. Koley (from 20.11.06)

S. Pal (from 09.01.07)

B. Pandey (from 11.10.06)

A.K. Ray (from 03.08.06)
Subharthi Ray

Suryadeep Ray (till 10.07.06)

S. Roychoudhury (till 17.04.2006)
P. Subramanian (till 21.04.2006)

Post-doctoral Fellows (Project)

P. Hasan (Indo-French Project) (till 31.07.2006)

R. Sinha (Virtual Observatory Project)

Research Scholars

M. Aich (from 07.08.06)

A. Bora

S. Chakravorty

H. Chand (till 31.07.2006)

S Chatterjee (from 04.08.06)
A. Deep

T. Ghosh (from 01.06.06)

D. Kothawala



S. Kumar (from 07.08.06)
G. Mahajan

S. Mitra (till 29.12.2006)
H. Mukhopadhyay

T. Naskar

A. Rawat

P. K. Samantray (from 13.10.06)
S. Samui

S. Sarkar

A. Shafieloo

M.K. Srivastava

S. Sur

Temporary/Project/Contractual
Appointments

M. S. Kharade (Project Officer , ERNET Project)
S.B. Koshti (Project Scientist, DST WOS -A
Project) (till 14.12.2006)

P.L. Shekade (System Engineer)

P. Barathe

A. Durgade

P. Gaware (from 17.11.06)

A.P. Kadam

V.P. Kulkarni

V. Mhaiskar

D. Nandrekar

S. Panchal (from 21.02.07)

S.M. Prabhudesai

A. Rupner

S. Sagar

M. Shaikh

Part time Consultant

V. S. Savaskar (Medical Services)

Long Term Visitor

Arvind Gupta



Visiting Associates of IUCAA

G. Ambika,
Department of Physics,
Maharaja’s College, Kochi.

Bindu A. Bambah,
School of Physics,
University of Hyderabad.

N. Banerjee,
Department of Physics,
Jadavpur University, Kolkata.

S.K. Banerjee,
Amity School of Engineering, Noida.

Pavan Chakraborty,
Department of Physics,
Assam University.

Subenoy Chakraborty,
Department of Mathematics,
Jadavpur University, Kolkata.

Deepak Chandra,
Department of Physics,
S.G.T.B. Khalsa College, Delhi.

Suresh Chandra,
School of Physical Sciences,

Swami Ramanand Teerth Marathwada University,

Nanded.

Asis Kumar Chattopadhyay,
Department of Statistics,
Calcutta University.

Tanuka Chattopadhyay,
Department of Mathematics,
Shibpur D.B. College, Howrah.

Sarbeswar Chaudhuri,
Department of Physics,
Gushkara Mahavidyalaya, Burdwan.

Rabin Kumar Chhetri,
Department of Physics,
Sikkim Government College, Gangtok.

Arnab Rai Choudhuri,
Department of Physics,
Indian Institute of Science, Bangalore.

M.K. Das,
Institute of Informatics and Communication,
University of Delhi.

Ujjal Debnath,
Department of Mathematics,

Bengal Engineering and Science University, Howrah.

Jishnu Dey,
Department of Physics,
Presidency College, Kolkata.

Mira Dey,
Department of Physics,
Presidency College, Kolkata.

Alok Kumar Durgapal,
Department of Physics,
Kumaun University, Nainital.

Ranabir Dutt,
Department of Physics,

Visva Bharati University, Santiniketan.

D.V. Gadre,
ECE Division,

Netaji Subhas Institute of Technology, New Delhi.

A.D. Gangal,
Department of Physics,
University of Pune.

Naveen Gaur,
Department of Physics,
Dyal Singh College, New Delhi.

Sushant Ghosh,
Department of Mathematics,
BITS, Pilani.

P.S. Goraya,
Department of Physics,
Punjabi University, Patiala.

Ashok Goyal,
Department of Physics,
Hansraj College, Delhi.

K.P. Harikrishnan,
Department of Physics,
The Cochin College, Kochi.

N. Ibohal,
Department of Mathematics,
University of Manipur, Imphal.

S.S.R. Inbanathan,
Department of Physics,
The American College, Madurai.

Naseer Igbal Bhat,
PG Department of Physics,
University of Kashmir, Srinagar.



Deepak Jain,
Deen Dayal Upadhyaya College, Delhi.

Sanjay Jain,

Guru Premsukh Memorial College of Engg., Delhi.

Chanda Jog,
Department of Physics,
Indian Institute of Science, Bangalore.

Moncy John,
Department of Physics,
St. Thomas College, Kozhencherri.

Kanti Jotania,
Department of Physics,
The M.S. University of Baroda.

R.S. Kaushal,
Department of Physics,
Ramjas College, Delhi.

Pushpa Khare,
Department of Physics,
Utkal University, Bhubaneswar.

Nagendra Kumar,
Department of Mathematics,
K.G.K.(PG) College, Moradabad.

A.C. Kumbharkhane,

School of Physical Sciences,

Swami Ramanand Teerth Marathwada University,
Nanded.

V.C. Kuriakose,

Department of Physics,

Cochin University of Science and Technology,
Kochi.

Daksh Lohiya,
Department of Physics and Astrophysics,
University of Delhi.

Pradip Mukherjee,
Department of Physics,
Presidency College, Kolkata.

S. Mukherjee,
Department of Physics,
North Bengal University, Siliguri.

C. Mukku,
International Institute of Information Technology,
Hyderabad.

K.K. Nandi,
Department of Mathematics,
North Bengal University, Siliguri.

Sanjay Pandey,
Department of Mathematics,
L.B.S.P.G. College, Gonda.

S.K. Pandey,
School of Studies in Physics,
Pt. Ravishankar Shukla University, Raipur.

U.S. Pandey,
Department of Physics,
University of Gorakhpur.

P.N. Pandita,
Department of Physics,
North Eastern Hill University, Shillong.

K.D. Patil,
Department of Mathematics,
B.D. College of Engineering, Sevagram.

M.K. Patil,

School of Physical Sciences,

Swami Ramanand Teerth Marathwada University,
Nanded.

B.C. Paul,
Department of Physics,
North Bengal University, Siliguri.

Ninan Sajeeth Philip,
Department of Physics,
St. Thomas College, Kozencherri.

Anirudh Pradhan,
Department of Mathematics,
Hindu P.G. College, Zamania.

Lalan Prasad,
Department of Physics,
M.B. Govt. P.G. College, Haldwani.

T. Ramesh Babu,
Department of Physics,

Cochin University of Science and Technology, Kochi.

Nagalakshmi Rao,
Department of Physics,
Government Science College, Bangalore.

S. Rastogi,
Department of Physics,
D.D.U. Gorakhpur University.

Saibal Ray,
Department of Physics,
Barasat Government College, Kolkata.

R. Ramakrishna Reddy,
Department of Physics,
Sri Krishnadevaraya University, Anantapur.



Sandeep Sahijpal,
Department of Physics,
Punjab University, Chandigarh.

E. Saikia,
Department of Physics,
Inderprastha Engineering College, Ghaziabad.

Asoke Kumar Sen,
Department of Physics,
Assam University, Silchar.

T.R. Seshadri,
Department of Physics and Astrophysics,
University of Delhi.

K. Shanthi,
Academic Staff College, University of Mumbai.

Pankaj Kumar Shrivastava,
Department of Physics,
Government Model Science College, Rewa.

G.P. Singh,
Department of Mathematics,

Visvesvaraya National Institute of Tech., Nagpur.

H.P. Singh,
Department of Physics and Astrophysics,
University of Delhi.

Yugindro Singh,
Department of Physics,
Manipur University, Imphal.

D.C. Srivastava,
Department of Physics,
D.D.U. Gorakhpur University.

Pradeep K. Srivastava,
Department of Physics,
DAV PG College, Kanpur.

R.S. Tikekar,
Department of Mathematics,
Sardar Patel University, Vallabh Vidyanagar.

A.A. Usmani,
Department of Physics,
Aligarh Muslim University.

J.P. Vishwakarma,
Department of Mathematics and Statistics,
D.D.U. Gorakhpur University.

Till July 31, 2006
Badruddin,

Department of Physics,
Aligarh Muslim University.

Siddhartha Bhowmick,
Department of Physics,
Barasat Government College,Kolkata.

Umesh Dodia,
Department of Physics,
Sir P.P. Institute of Science, Bhavnagar.

Abhinav Gupta,
Department of Physics,
St. Stephen's College, Delhi.

Manoranjan Khan,
Centre for Plasma Studies,
Jadavpur University, Kolkata.

Ashok Mittal,
Department of Physics,
University of Allahabad.

Udit Narain,
Astrophysics Research Group,
Meerut College.

Santokh Singh,
Department of Physics,
Deshbandhu College, New Delhi.

P.K. Suresh,
School of Physics,
Universtiy of Hyderabad.

From August 1, 2006

B.R.S. Babu,
Department of Physics,
University of Calicut.

Sukanta Dutta,
Department of Physics and Electronics,
Sri Guru Tegh Bahadur Khalsa College, Delhi.

Sarbari Guha,
Department of Physics,
St. Xavier's College, Kolkata.

Joe Jacob,
Department of Physics,
Newman College, Thodupuzha.

Avinash Khare,
Department of Physics and Astrophysics,
University of Delhi.

C.D. Ravikumar,
Department of Physics,
University of Calicut.



Sanjay Kumar Sahay,

Department of Physics,

Birla Institute of Technology and Science,
Pilani, Goa Campus.

M. Sami,
Department of Physics,
Jamia Millia Islamia, New Delhi.

M. Sivakumar,
School of Physics,
University of Hyderabad.
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The seventeenth batch of Visiting Associates, who were selected
for a tenure of three years, beginning August 1, 2006.

B.R.S. Babu Sarbari Guha Joe Jacob

Sanjay Kumar Sahay

The photographs of the following Visiting Associates from the seventeenth batch are not available: Sukanta Dutta,
Avinash Khare, M. Sami, and M. Sivakumar.

Appointments of the following Visiting Associates from the fourteenth batch were extended for three years : Shyamal

Kumar Banerjee, Dhananjay V. Gadre, Ngangbam Ibohal, Deepak Jain, Moncy V. John, Bikash Chandra Paul, Sandeep
Sahijpal, Asoke Kumar Sen, K. Shanthi, and Gyan Prakash Singh.
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Dean, Core Academic Programmes
(T. Padmanabhan)

Head, Pedagogical Programmes
(K. Subramanian)

Head, Computer Centre
(A.K. Kembhavi)

Head, Library
(V. Sahni)

Head, Publications
(T. Padmanabhan)

Organizational Structure of
IUCAA's Academic Programmes

The Director
N.K. Dadhich

Head, Instrumentation and IUCAA Girawali

Observatory
(A. N. Ramaprakash)

Head, Telescope and Observational
(R. Srianand)

Programmes
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Dean, Visitor Academic Programmes
(A.K. Kembhavi)

Head, Infrastructural Facilities
(A.K. Kembhavi)

Head, Meetings and Visitors
(N.K. Dadhich)

Head, Public Outreach Programmes
(R. Misra)

Head, Recreation Centre
(P. Chordia)

Head, Guest Observer Programmes
(R. Srianand)



Director's Report

This year opened with an important event, the
inauguration of IUCAA Girawali Observatory
(IGO) on May 13, 2006 and the dedication of the
IUCAA 2-metre Telescope to astronomy research
and education in the country by Professor Yash Pal.
It was he who envisioned that world class facilities
should be accessible to faculty and students for
revamping and strengthening academic
environment in the universities. It is hoped that
IGO will give a new boost to observational
astronomy and many young students will take up
careers in this exciting field.

This was followed by yet another important
development. [IUCAA can now boast of one of the
most enthusiastic and vibrant observational groups
in optical astronomy and it is, therefore, natural to
look for bigger and more challenging avenues.
This came in the form of Southern African Large
Telescope (SALT) seeking partnership. Itisa 10-
metre class telescope, which is run by a consortium
of universities and institutes, each having a share in
the observing time according to the contribution
one makes. IUCAA has bought 6% of observing
time, which translates to about 15 nights a year. It is
indeed exciting as well as challenging to do cutting
edge astronomy with such a frontline instrument.

IUCAA believes in taking up challenges and [ am
confident that [UCAA and university colleagues
will measure up to this one. I envisage a new band
of young and highly motivated students coming
forward to use SALT and other facilities. This will
indeed bring astronomy to the centre stage in
higher education and research. That was what
precisely [IUCAA was meant to achieve; so we are
on the right track.

I am very happy to say that international
collaborations are building up, and [UCAA-MPA
(Max Planck Institute for Astrophysics, Garching,
Germany) workshop on Astrophysics and
Cosmology in March 2007 was a concrete example
of this. The workshop was very successful in
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which, besides universities, scientists from other
institutes also participated. This series of
workshops is supposed to alternate between
IUCAA and MPA. It has been envisaged that there
would be exchange of students, post-docs and
faculty members between the two institutes based
on the collaborative research projects. One of the
IUCAA students is already on a visit to MPA under
this informal arrangement. I see many more such
informal collaborations on the anvil with various
other centres of excellence.

In my first Director’s report in 2004, I had said to
the IUCAA Visiting Associates from universities
that it was now the time for consolidation and
orientation to relevant and interesting studies in the
mainstream astronomy and astrophysics. This still
has a long way to go. I would once again like to
reiterate this sentiment in all earnestness and would
appeal to my university colleagues to take it in the
right spirit.

I am particularly grateful to Dr. Anil Kakodkar for
accepting to be the Chairman of the Governing
Board of IUCAA. His guidance and support in all
our programmes have been most invaluable. In
particular, his enthusiastic support to [UCAA’s
participation in SALT project was not only helpful
but was indeed inspiring enough for us to think of
even bigger and more challenging projects. His
wisdom and sagacity on the one hand and
friendliness and camaraderie on the other are
indeed most cherished and enlightening.

I have been very lucky in having matching
appreciation and understanding of our projects,
and support in particular SALT, from Professor
Sukhdeo Thorat, President, Council of IUCAA and
Chairman, UGC. For that, I am grateful to him and
thank him very warmly. 1 would also like to
appreciate the understanding and consideration
shown by UGC officers, in particular for the
expeditious processing of the SALT project.

Naresh Dadhich



Congratulations to ...

Hum Chand

R.K. Bhalla Award of Indian Physics Association (Pune
Chapter), 2006.

Dawood A.Kothawala
Shyama Prasad Mukherjee Fellowship of CSIR, 2006.
Ranjan Gupta

Elected as the Secretary for ASI for the triennium 2007-
20009.

Jayant Narlikar

Sohrab Godrej Memorial Oration Award from the
Rotary Club of Bombay, Mumbai, 2006.

Vocational Excellence Award from the Rotary Club of
Thane Hills, Thane, 2006.

H.K. Firodia Award from the H.K. Firodia Memorial
Foundation, Pune, 2006.

T.Padmanabhan
Padma Shri from the President of India, 2007.

Third Prize in the Gravity Research Foundation Essay
contest, 2006 .

Elected as the Vice-President (2006-09) and the
President-Elect (2009-2012), Commission 47 on
Cosmology of the International Astronomical Union.
Tarun Souradeep

Swarnajayanti Fellowship of DST, 2006.

SCOPUS Young Scientist Award for Physics of
Elsevier, India, 2006.

Buti Foundation Award of Indian Physics Association,
2006.

R. Srianand

Vainu Bappu Gold Medal of the Astronomical Society
of India, 2004.

T. Padmanabhan receiving the Padma Shri from Dr. A.P.J. Abdul Kalam, the President of India.
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Welcome and Farewell

Welcome fto...

Russell Cannon, from Anglo-Australian Observatory, Australia, as an Honorary Fellow of [UCAA.
Maulik Parikh, who is the new addition to [UCAA Faculty.

V. Mohan, who is the new addition to Scientific and Technical staff.

Rajesh Gopal, Ratna Koley, Supratik Pal, Biswajit Pandey and Arnab Kumar Ray,
who have joined [IUCAA as Post-doctoral Fellows.

Moumita Aich,Archana Bora, Saugata Chatterjee, Tuhin Ghosh, Sandeep Kumar

and Prasant Kumar Samantray, who have joined [UCAA as Research Scholars.

... Farewellto

Vivek Kumar Agrawal, who has joined the Indian Space Research Organisation (ISRO) as a Scientist.
Amrit Lal Ahuja, who has joined the Indian Institute of Information Technology, Hinjewadi, Pune.

Hum Chand, who has joined as a Post-doctoral Fellow at Institut d’ Astrophysique de Paris (IAP), France.
Priya Hasan, who left at the conclusion of the project.

Sanjit Mitra, who has joined as a Post-doctoral Fellow at Observatoire de la Cote d’ Azur, Nice, France.
Suryadeep Ray, who has joined at CGG India Pvt. Ltd., Mumbai.

Suparna Roychowdhury, who has joined Raman Research Institute, Bangalore, asa visiting fellow.

Prasad Subramanian, who has joined Indian Institute of Astrophysics, Bangalore.
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2006

April 17-May 26

May 5

May 13-14

May 15-June 16

May 15-June 30

August 7

September 10-12

September 12-15

October 4-14

November 2-4

December 8

December 20-24

December 29
2007

January 8

January 8-10

January 17-18

February 12-26

February 28

March5-9

Calendar of Events

School Sudents Summer Programme
atlUCAA, Pune

|UCAA-NCRA GraduateSchool
Second semester ends

IUCAA Girawali Observatory I naugur ation,
Dedication,and Symposum
at IUCAA, Pune

Introductory Summer School on Astronomy and Astrophysics
for College/University students
at IUCAA, Pune

Vacation Sudents Programme
at IUCAA, Pune

I[UCAA-NCRA GraduateSchool
First semester begins

Workshop on Astronomy for Engineers
at Siliguri Ingtitute of Technology, Sukna

Workshop on Sarsand Galaxies. Observational Techniquesand DataAnalysis
at North Bengal University, Siliguri and Sikkim Govt. College, Gangtok

Wor kshop on Advanced Topicsin DataAnalysisin Cosmology and Gravitational
WaveAdronomy
a IRC, Delhi University

Discussion Meetingon Nonlinear Phenomenaand Techniques
at IUCAA

|UCAA-NCRA GraduateSchool
First ssmester ends

Introductory Workshop on Agtrophysics
at Mohanla Sukhadia University, Udaipur

Foundation Day

IUCAA-NCRA GraduateSchoal
Second semester begins

Workshop on Under sandingtheUniver se
at Utkal University, Bhubaneswar

I ntroductory Wor kshop on Agtronomy and Astrophysics
at K.T.H.M. College, Nashik

Indo-French Training School in Optical Astronomical Observations
a lUCAA

National ScienceDay

IUCAA-MPAWorkshop onAstrophysicsand Cosmology
at IUCAA
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ACADEMIC PROGRAMMES

The following description relates to research work
carried out at IUCAA by the Core Academic Staff,
Post-Doctoral Fellows, and Research Scholars. The
next section describes the research work carried out
by Visiting Associates of IUCAA using the Centre’s
facilities.

(I) RESEARCH BY
RESIDENT MEMBERS

The research described below is grouped area-wise.
The name of the concerned IUCAA member ap-
pears in italics.

Quantum Theory and Gravity

Gravity as an emergent phenomenon

T. Padmanabhan is continuing his programme of
investigating the thermodynamic, continuum, limit
of quantum gravity, which is expected to be reason-
ably independent of the detailed microstructure of
spacetime. This leads to a very novel perspective
on quantum — and even classical — gravity. De-
tails of this formalism have been reported in the
annual reports of previous years and the progress
during the current year is highlighted below.

The null surfaces of a spacetime act as one-
way membranes and can block information for a
corresponding family of observers (timelike curves).
Since lack of information can be related to entropy,
this suggests the possibility of assigning an entropy
to the null surfaces of a spacetime. Padmanabhan
(in collaboration with A.Paranjape) has motivated
and introduced such an entropy functional for any
vector field in terms of a fourth-rank divergence free
tensor P;g with the symmetries of the curvature
tensor. Extremising this entropy for all the null
vectors then leads to equations for the background
metric of the spacetime. When P(fg is constructed
from the metric alone, these equations are identical
to Einstein’s equations with an undetermined cos-
mological constant (which arises as an integration
constant). More generally, if ng is allowed to de-
pend on both metric and curvature in a polynomial
form, one recovers the Lanczos-Lovelock gravity. In
all these cases: (a) It is only necessary to extremise
the entropy associated with the null surfaces; the
metric is not a dynamical variable in this approach.
(b) The extremal value of the entropy agrees with
standard results, when evaluated on-shell for a so-
lution admitting a horizon. The role of full quan-
tum theory of gravity will be to provide the specific
form of P which should be used in the entropy
functional. With such an interpretation, it seems

17

reasonable to interpret the Lanczos-Lovelock type
terms as quantum corrections to classical gravity.

In a recent work, Padmanabhan has further
generalised this approach, interpreting the entropy
as an action functional and generalising it to any
vector field of fixed norm. This is particularly
important in describing the formalism in the Eu-
clidean sector in which there is no concept of null,
spacelike and timelike vectors.

Emergent gravity and the cosmologi-
cal constant problem

The approach to gravity described above has im-
portant implications for the cosmological constant
problem. In conventional approach to gravity, one
derives the equations of motion from a Lagrangian
»Ctot = »Cgrav(g) + Ematt(gv¢) where L:grav is the
gravitational Lagrangian dependent on the metric
and its derivatives and Ly.t¢ is the matter La-
grangian which depends on both the metric and
the matter fields, symbolically denoted as ¢. This
total Lagrangian is integrated over the spacetime
volume with the covariant measure /—gd*z to ob-
tain the action. In such an approach, the cosmo-
logical constant can be introduced via two different
routes which are conceptually different but opera-
tionally the same.

First, one may decide to take the gravitational
Lagrangian to be Lgav = (26) (R — 2A,) where
A, is a parameter in the (low energy effective) ac-
tion just like the Newtonian gravitational constant
k. This is equivalent to assuming that, even in
the absence of matter, flat spacetime is not a so-
lution to the field equations. The second route
through which the cosmological constant can be in-
troduced is by shifting the matter Lagrangian by
Lonatt — Lmatt — 2Am. The equations of motion for
matter are invariant under such a transformation
which implies that — in the absence of gravity —
we cannot determine the value of \,,. But such a
shift is clearly equivalent to adding a cosmological
constant 2k, to the Lg,v. In general, what can
be observed through gravitational interaction is the
combination At = Ag + 2kAp.

It is clear that there are two distinct aspects to
the so called cosmological constant problem. The
first question is why Ao is very small when ex-
pressed in natural units. Second, since Aot could
have had two separate contributions from the grav-
itational and matter sectors, why does the sum re-
main so fine tuned? This question is particularly
relevant because it is believed that our universe
went through several phase transitions in the course
of its evolution, each of which shifts the energy mo-
mentum tensor of matter by T2 — T@ + L4652
where L is the length scale characterizing the tran-
sition. For example, the GUT and Weak Interac-



tion scales are Loy ~ 1072 cm, Lgw =~ 10716 ¢cm
respectively which are tiny compared to Lj. Even
if we take a more pragmatic approach, the observa-
tion of Casimir effect in the lab sets a bound that
L < O(1) nanometer, leading to a p which is about
10'2 times the observed value. Given all these, it
seems reasonable to assume that gravity is quite
successful in ignoring most of the energy density in
the vacuum.

The transformation £ — Lyagt —2Am 1S & Sym-
metry of the matter sector (at least at scales below
the scale of supersymmetry breaking; we shall ig-
nore supersymmetry in what follows). The matter
equations of motion do not care about constant A,,.
In the conventional approach, gravity breaks this
symmetry. This is the root cause of the so called
cosmological constant problem. As long as gravita-
tional field equations are of the form F,, = xT,
where FEg is some geometrical quantity (which is
Gap in Einstein’s theory) the theory cannot be in-
variant under the shifts of the form T} — T2+ pég.
Since such shifts are allowed by the matter sector,
it is very difficult to imagine a definitive solution
to cosmological constant problem within the con-
ventional approach to gravity.

If metric represents the gravitational degree of
freedom that is varied in the action and we demand
full general covariance (unlike in the unimodular
theory of gravity), we cannot avoid Lpatterv/—9
coupling and cannot obtain of the equations of mo-
tion which are invariant under the shift T,, —
Tap + Agap- Clearly a new, drastically different,
approach to gravity is required.

This is precisely how Padmanabhan’s work on
the emergent gravity approach tackles this prob-
lem. In this case, the gravitational action is invari-
ant under the shift Ty, — T,p + Agepr making grav-
ity is decouple from the bulk vacuum energy. While
this is considerable progress, there still remains the
second issue of explaining the observed value of the
cosmological constant. Once the bulk value of the
cosmological constant (or vacuum energy) decou-
ples from gravity, classical gravity becomes immune
to cosmological constant; that is, the bulk classical
cosmological constant can be gauged away. Any
observed value of the cosmological constant has to
be necessarily a quantum phenomenon arising as a
relic of microscopic spacetime fluctuations. In this
approach in which the surface degrees of freedom
play the dominant role, rather than bulk degrees
of freedom, Padmanabhan argues that there is a
possibility of obtaining the correct value for the
cosmological constant.
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Thermodynamic route to dynamics of
gravity

The classical general relativity as it stands today
is an elegant description of gravity in terms of geo-
metrical structure of spacetime. Specific solutions
of general relativity allow the existence of space-
time horizon which act as a casual boundary and
block the propagation of any information to an out-
side observer. This led Bekenstein in 1973 to argue
that black holes must posses a non-zero entropy
since they hide information from the outside ob-
server. This is not possible classically because of
the very definition of black holes in general relativ-
ity as the objects from which nothing comes out.
Then in 1975, Hawking showed that a black hole of
mass M does emit a thermal radiation with a tem-
perature kT = hic/8m M when quantum effects are
taken into consideration and this led to the under-
standing that the black holes behave like thermal
systems and the laws of black hole mechanics are
basically same as the laws of thermodynamics.

This analogy between gravity and thermody-
namics is not yet understood at a deeper level. It
is quite possible that the spacetime horizons act as
the link between the microscopic degrees of free-
dom of the gravitational field with the bulk dy-
namics just as thermodynamics can provide a link
between statistical mechanics and the (zero tem-
perature) dynamics of the solids. If this picture
is correct, one should be able to connect the field
equations describing the dynamics of gravity with
the horizon thermodynamics. Padmanabhan has
earlier shown that this is indeed the case for spher-
ically symmetric solutions in Einstein’s theory.

Recently Aseem Paranjape, Sudipta Sarkar
and T. Padmanabhan have carried out detailed
analysis in this direction and their work reveals
that the near horizon structure of the field equa-
tions in a D-dimensional spherically symmetric
Lovelock gravity can also be interpreted as a ther-
modynamic identity TdS = dE + PdV under the
virtual displacement of the horizon with S and E
being given by expressions of entropy and energy of
the horizon. One can think of the Lovelock action
as describing the low energy effective theory of the
underlying quantum picture where the successive
terms of the Lovelock series represent the possible
quantum corrections. Then this result indicates a
deep connection between the thermodynamics of
horizons and the allowed quantum corrections to
standard Einstein gravity, and shows that the re-
lation 7'dS = dE + PdV has a greater domain of
validity that Einstein’s field equation.

One possible limitation of this work is as-
sumption of spherical symmetry and time indepen-
dence. Dawood Kothawala, Sudipta Sarkar and T.
Padmanabhan have tried to eliminate this by fur-



ther generalising this approach to two more generic
cases within the context of general relativity: (i)
stationary axis-symmetric horizons and (ii) time
dependent evolving horizons. In both the cases, the
near horizon structure of Einstein equations can
be expressed as a thermodynamic identity under
the virtual displacement of the horizon. This re-
sult demonstrates the fact that the thermodynamic
interpretation of gravitational dynamics is not re-
stricted to spherically symmetric or static horizons
but is quite generic in nature and indicates a deeper
connection between gravity and thermodynamics.

Thermodynamics of horizons from a
dual quantum system

Spacetimes with horizons show an interesting re-
semblance to thermodynamic systems with well de-
fined notions of temperature and entropy. In con-
ventional systems, one can derive the laws of ther-
modynamics from a more fundamental theory —
statistical mechanics. In such systems, entropy
can be defined as the logarithm of total number
of accessible microstates corresponding to the same
macrostate. The existence of an entropy associated
with any horizon provides a strong motivation to
look for certain microstates of the underlying quan-
tum theory. Although there have been several at-
tempts to derive black hole entropy formula from
counting the possible microstates in both string
and loop formalisms, a comprehensive understand-
ing of this issue remain elusive. Recently, Balazs et.
al. has proposed an intriguing model in which they
have considered a “dual thermodynamics” corre-
sponding to isolated Schwarzschild black hole and
have tried to obtain the entropy from a dual theory,
to which standard statistical mechanics is applica-
ble. They show that the standard (black hole) ther-
modynamic relations are invariant under the trans-
formations E/ — A/4, 8" — M, and T" — T7!
where A, M and T are the horizon area, mass and
Hawking temperature of a black hole and E’, S’
and T’ are the energy, entropy and temperature
of the corresponding dual quantum system. Af-
ter working out the standard thermodynamics of
the dual system, they apply the inverse transfor-
mations to get standard horizon thermodynamics
as well as the logarithmic corrections to the original
Bekenstein-Hawking entropy formula.

The result is sufficiently intriguing that one
would like to understand its origin and domain of
applicability. In particular one would like to know
whether it generalizes for an arbitrary horizon (like
e.g., De-Sitter horizon, which will play an impor-
tant role in the study of cosmological constant).
Sudipta Sarkar and T. Padmanabhan investigated
these issues and show that the idea works for a gen-
eral case only if we define the entropy S as a con-

19

gruence (“observer”) dependent quantity and the
energy E as the integral over the source of the grav-
itational acceleration for the congruence. In fact,
in this case, one recovers the relation S = E /2T be-
tween entropy, energy and temperature previously
proposed by T. Padmanabhan. This approach also
enables one to calculate the quantum corrections
of the Bekenstein-Hawking entropy formula for all
spherically symmetric horizons and seems to pro-
vide a description of a strongly interacting gravita-
tional system like black hole in terms of a weakly
interacting quantum mechanical dual system. This
also suggest that the approach of understanding the
horizon thermodynamics based of a duality trans-
formation is possibly quite generic and therefore
may be important for the understanding of the un-
derlying quantum theory.

Quantum theory in an external back-
ground

The quantum theory of a harmonic oscillator with
a time dependent frequency appears in different
important physical problems, especially in QFT
while studying particle production in an external
background. While the mathematics of this system
is straightforward, several conceptual issues arise
in such a study:

If a quantized degree of freedom ¢ is evolving in a
time-dependent classical background C, the quan-
tum theory of g will be based on a time dependent
Hamiltonian and ¢ particles will be generated by
the interaction. If the classical system reaches
an adiabatic state asymptotically, it is straight-
forward to define the notion of particles based
on the in and out vacuum states and also obtain
an expression for the total number of particles
produced. But many physically relevant problems
(like cosmological particle production) will not give
us this luxury of well defined in and out states, and
this brings up the question of defining the notion
of a particle in a time dependent background.
Moreover, the production of the quanta of ¢ will
modify the evolution of the classical background,
and it will be important to obtain the equations of
motion for C' with this backreaction incorporated
as the particle production progresses. This is not
an asymptotic notion and one would like to have
a way of accounting for back reaction which does
not use the out vacuum state etc.

Such a back reaction and semiclassical evolu-
tion can be meaningful only if we have at least an
approximate notion of ‘classicality’ for the ¢ mode.
Our intuitive idea of a particle which is produced
(that has drained away energy from C) is classical
and one assumes that a particle which is produced
‘stays produced’. This is of course not in general



true and no sensible, time dependent definition of
particle exists which will obey this criterion. One,
however, expects the notion of particles to be rea-
sonably well defined if the quantum state is ‘quasi-
classical’. This raises the question of defining the
notion of classicality of the state in some precise
sense and relating it to particle production.

As an attempt towards addressing these con-
ceptual issues, T. Padmanabhan and Gaurang Ma-
hajan have worked out a general formalism to an-
alyze the dynamics of a time-dependent oscillator
in the Schrodinger picture. In particular, they in-
troduce a particular parametrization of the wave
functional in terms of a complex number and ex-
press all physically relevant quantities in terms it.
They also generalize the notions of particle number
density, effective Lagrangian etc., which are usually
defined using asymptotic states, as time dependent
concepts, showing that reasonable results can be
obtained. The formalism is then applied to address
the specific question of relating particle production
with classicality of the quantum state in terms of
the phase space distribution of its Wigner func-
tion, W(q, p), which involves considering two pos-
sible criteria: peaking on the corresponding classi-
cal phase space trajectory and emergence of corre-
lations. An analysis of toy models as well as ex-
amples of quantum fields in cosmological and elec-
tric field backgrounds has been carried out, which
reveals that an interpretation of classicality based
solely on the requirement of peaking on the clas-
sical trajectory can lead to ambiguities. An ex-
ample of this occurs in the cosmological context:
when evolution of scalar field modes in a de Sit-
ter universe is considered, the Wigner function can
be shown to get peaked on the classical trajectory
not just at late times, but also in the asymptotic
past when the modes are started off in the Bunch-
Davies vacuum state. This suggests that peaking
of the Wigner function on the classical trajectory
alone is not tantamount to having classical behav-
ior, and one needs to also look at some additional
measure of correlations to get rid of this ambigu-
ity. The phase space average of ¢p [weighted by the
Wigner function] has been suggested as such an al-
ternative, and its reasonableness as a measure of
classicality has been demonstrated with the help of
the examples. It has further been shown that once
one chooses to concentrate on the variation of this
correlation measure, two possible asymptotic limits
can be identified. When the oscillator evolves adi-
abatically (|e] = |w/w?| < 1), particle creation is
suppressed and the classicality measure maintains
an oscillatory profile (and in fact averages out to
zero), suggesting the necessity of continuing parti-
cle creation for monotonic growth of correlations.
In contrast, whenever the evolution violates adi-
abaticity (Je|] > 1), large particle production oc-
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curs and this is shown to be accompanied by sharp
growth in the correlation measure. This is in agree-
ment with, and to some extent a generalization of,
previous analyses in the literature associating the
notion of classicality with particle creation in the
context of inflationary cosmology.

Classical Gravity

Matter without matter

Einstein’s theory of gravitation is characterized by
the distinctive feature of gravity being described by
curvature of spacetime. Matter thus produces cur-
vature of the spacetime. On the other way round,
reciprocity of action between matter and curvature
(gravity) will demand that the latter should also
produce the former. However, there is no direct
demonstration of this feature.

The nearest one has come in the string theo-
retic formulation is what is known as AdS/CFT
correspondence. In this case, at the boundary
of anti-deSitter spacetime there resides conformal
field theory (quantum chromodynamics) of mat-
ter. AdS is pure curvature while CFT is a mat-
ter field and there exists a dual correspondence be-
tween them. This is indeed the first example of
spacetime curvature manifesting itself as matter in
a dual spacetime.

H. Maeda and N. Dadhich obtained an inter-
esting n(> 6)-dimensional vacuum black-hole solu-
tion of Einstein-Gauss-Bonnet gravity in Kaluza-
Klein spacetime (a product of the usual 4-
dimensional spacetime with a space of constant cur-
vature) with extra dimensional space having neg-
ative constant curvature. The black hole fully re-
sides in 4-dimensional spacetime which asymptot-
ically resembles Reissner-Nortstrom black hole in
anti-de Sitter spacetime in spite of the absence of
the Maxwell field. The black hole is entirely cre-
ated by coupling of extra-dimensional curvature to
A and Gauss-Bonnet coupling constant. The pres-
ence of any matter including a mass point is prohib-
ited by the gravitational equation. This is there-
fore a pure curvature creation. Indeed, this offers
a first direct (and purely classical) example of cur-
vature manifesting as matter, i.e., “matter without
matter”. The key ingradient of this remarkable re-
sult is the Kaluza-Klein decomposition which also
brings Gauss-Bonnet contribution down to four di-
mensions. It has been further shown by Maeda and
Dadhich that the black hole could be envisioned as
being formed from AdS spacetime by the collapse
of Vaidya-like null dust.

Higher dimensions (n > 4) is the natural play-
ground for superstring/M-theory. Since gravity is
to be described by curvature of spacetime, that



means its Lagrangian should be an invariant func-
tion of Riemann curvature and its contractions.
The second requirement is that we should get the
second order quasi-linear (highest order of deriva-
tive to be linear) equation. This leads to the
Lovelock polynomial Lagrangian of which Ly =
—2A, L1 = R, Ly = R?—4R,,, R" + R, po R"F° =
LB, .... The first two are the familiar cosmological
constant and Einstein-Hilbert while the quadratic
is known as Gauss-Bonnet term. For n < 4, the
first two suffice as higher order terms make no con-
tribution to the equation of motion. This means
the order of Lagrangian to be included for descrip-
tion of classical gravity depends upon spacetime
dimension. It is however true that our experience
is restricted to 4 dimensions and from where all
the experimental support emanates. At the level
of principle, if n > 4, higher order terms in the
Lovelock polynomial are also equally valid and they
must be taken into account for full description of
gravitational field.

It turns out that the low-energy limit of het-
erotic superstring theory as the higher curvature
correction to general relativity indeed gives rise to
the second-order Gauss-Bonnet Lagrangian. On
the other hand Dadhich has pointed out that there
are strong physical arguments for higher dimen-
sions for description of classical dynamics of grav-
ity. Confining gravity to 4 dimensions is equiva-
lent to containing curvature entirely to 4 dimen-
sions. That is, no curvature information is trans-
mitted to extra dimension. That would perhaps
require isometric embedding of 4-spacetime into 5-
dimensional flat spacetime. It is well known that
an arbitrarily curved 4-spacetime requires 6 extra
dimensions for its flat embedding. Gravity could
thus in general penetrate down to 10 dimensions!
Secondly gravity is a self interactive force and self
interaction can be evaluated in an iterative process.
The first iteration is already included in Einstein
equation as indicated by the presence of square of
the first derivative. However how can we stop at
the first iteration? For that we have to square the
Riemann curvature and yet the equation should
remain quasi-linear. So we are led to inclusion
of the quadratic Gauss-Bonnet term which makes
non-zero contribution in dimensions higher than 4.
Hence for physical realization of second iteration
of self interaction of gravity, we have to go to 5 or
higher dimension. These are purely classical argu-
ments and thus higher dimensions are required for
description of even classical dynamics of gravity.

It is well known that 2 and 3 dimensions
are not big enough for free propagation of grav-
ity, similarly 4 dimension is not big eneough to
fully describe self interaction of gravity. Interest-
ingly higher dimension and Kaluza-Klein split up
of spacetime play an important role in the con-
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struction of the new black hole spacetime exhibit-
ing manifestation of curvature as matter.

Testing extra dimensions using an ar-
tificial planetary system in space

The idea that the universe may have more than 3
spatial dimensions is not new but goes back to the
seminal work of Kaluza (1921) and Klein (1926)
who suggested the presence of a fifth spatial di-
mension in their attempts to unify gravity with the
electromagnetic force. More recently, extra dimen-
sions have been invoked to make the universe ac-
celerate at late times and thus obviate the need for
dark energy. Such possibilities have been exam-
ined by Varun Sahni and Shtanov in the context of
higher dimensional theories in which the universe
is a 3+1 dimensional ‘brane’ embedded in a higher
dimensional ‘bulk’ space time.

Most papers on Kaluza-Klein geometry how-
ever assume that the radius of the compact extra
dimensions R is very small R ~ 10733 cm. In
a significantly different approach, Arkani-Hamed,
Divopolous and Dvali suggested that extra dimen-
sions may be macroscopic, R ~ 1 mm, while our
space-time is described as a lower-dimensional do-
main wall (brane) where all the matter is con-
centrated. Within this setting, the fundamental
higher-dimensional Planck scale could become as
small as ~ 1 TeV, thus getting rid of the hierar-
chy problem. (The hierarchy problem arises be-
cause the Planck scale is so much higher than the
known scales in physics, for instance Mp/My, ~
10'7, where My, is the mass of the vector boson
which mediates the electroweak force and Mp is
the Planck scale.)

Within this setting one expects the familiar
Newton’s law of gravitation to be modified on small
scales so that

mq Mo 1

V() ~ v i

( r<R),

where M is the (4 + n)-dimensional Planck mass.
On scales much larger than R the familiar inverse-
square law V(r) o 1/r is recovered. Similar predic-
tions also arise in the so-called ‘braneworld’ mod-
els which are inspired by string/M-theory. The
presence of macroscopic extra dimensions in these
models can be probed either via accelerator exper-
iments or by checking whether Newton’s law holds
on small scales. Traditional tests of the inverse
square law include table top Cavendish type exper-
iments. However on very small scales the Casimir
force needs to be modelled accurately and sub-
tracted out which can pose difficulties for table top
experiments. Sahni and Shtanov have proposed a
new means of testing the inverse-square law (and
hence the presence of extra dimensions) through a



space experiment which does not encounter such
problems.

Sahni and Shtanov propose an Artificial Plan-
etary System In Space (APSIS) which will operate
in a drag-free environment with controlled exper-
imental conditions and minimal interference from
terrestrial sources of contamination. According to
their experimental setup, one (or more) test bodies
(planets) will orbit a more massive central ~ 5 kg
mass at a distance of ~ 10 cm.

The science behind APSIS is simple. It is well
known that a test particle orbiting a larger mass
has a closed orbit only for the inverse square law.
For all other types of interactions the orbit of the
test particle will show a perihilion shift. For in-
stance consider the potential

U(r):f% [1i(%‘))n} r>r, n>1

where 7y is the relevant scale below which gravity
becomes non-Newtonian, and ‘+’ determines the
attractive or repulsive character of the additional
potential. The power n depends on a particular
model; for instance, n = 2 in the five-dimensional
Randall-Sundrum model. In this case the perihe-
lion shift in the orbit of two masses is given by
5¢p = £2m(2n— 1) (2)"

Since the orbital period of a test body around
a more massive central mass is proportional to /2
one gets more orbits (and a larger cumulative per-
ihilion shift) by decreasing the separation between
the two bodies. For instance, for a test body at
a distance of ~ 10 cm from a central mass of
about 5 kg, the net perihilion shift in a year will be
0Pone year = 1 arc sec if the universe is five dimen-
sional and departures from Newton’s law occur at
the scale ro = 107 cm.

A space experiment can therefore probe the
presence of a ‘hidden’ fifth dimension on the scale
of a micron, if the perihelion shift of a ‘planet’ can
be measured to sub-arc-second accuracy.

The payload of APSIS will include, in addi-
tion to the test masses, a tracking camera which
will monitor the motion of the miniature planetary
system floating within the spacecraft.

Since the masses involved should be in free fall,
it is essential that all non-gravitational forces are
minimized and the test bodies be allowed to exe-
cute their motion in a drag-free environment. For
this purpose, the spacecraft will play the role of a
Faraday cage and screen the experiment from any
external electric field as well as cosmic rays. In ad-
dition, any residual gas present within the space-
craft can easily be released by means of a small
opening.

Sahni and Shtanov are of the view that a
miniature planetary system placed in free fall
within a spacecraft located at the L2 Lagrange
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point of the Earth-Sun system, will provide an
ideal testing ground for possible departures of New-
tonian gravity from the familiar inverse-square law.
The small accelerations prevalent in such systems
(~ 107® cm/s?) may also be useful for probing the
MOND hypothesis, which has been suggested as an
alternative to dark matter to explain the rotation
curves of galaxies.

Mach’s principle revisited

Mach’s principle is the vague but attractive idea
that inertial frames are uniquely determined by
matter. Despite numerous attempts, no precise
statement of Machs principle has been success-
fully implemented, until now. Along with Justin
Khoury, Maulik Parikh proposed a formulation of
Mach’s principle in which matter and geometry are
in one-to-one correspondence. Einstein’s equations
are not modified and no selection principle is ap-
plied to their solutions. Rather, Mach’s principle
is realized wholly within Einstein’s general theory
of relativity, an achievement that has often been
thought to be impossible. The key insight was the
observation that, in addition to bulk matter, one
can also have boundary matter. Specification of
both boundary and bulk stress tensors determines
the geometry and thereby the inertial frames.

Gravitational Waves

Background

The existence of gravitational waves (GW), as pre-
dicted by Einstein’s theory of relativity, has been
established indirectly through the expert observa-
tions of Hulse and Taylor. So far direct observation
of such waves has eluded experimentalists. Never
the less, in recent years, the laser interferometric
detectors have achieved sensitivities close to that
required for detecting such waves from astrophysi-
cal sources. The space mission LISA is also planned
by the NASA and ESA to detect low frequency
GW. The significance of the direct detection of GW
lies, not only in the opening of an entirely new win-
dow into observational astronomy by probing phe-
nomena in the strong regime of gravitation; it fur-
ther promises to place our present theories of gravi-
tation on an entirely different foundation from that
which currently exists.

GW sources that may be detected by ground-
based detectors can be broadly classified into three
categories: (i) Burst sources — such as binary sys-
tems of neutron stars (NS) and/or black holes (BH)
in their in-spiral phase, BH/BH and/or BH/NS
mergers, and supernovae explosions, whose signals
last for a time much shorter, typically between
a few milli-seconds and a few minutes, than the



planned observational time; (ii) Stochastic GW
backgrounds (SGWB) of radiation, either of pri-
mordial or astrophysical origin, and (iii) Continu-
ous wave sources — e.g. rapidly rotating neutron
stars, where a weak deterministic signal is contin-
uously emitted.

The proposed space mission - the Laser Inter-
ferometric Space Antenna (LISA) - of the space
agencies NASA and ESA envisages detecting low
frequency GW in the range 10~* Hz to 1 Hz.
LISA consists of three spacecraft located 5 mil-
lion kilometres apart forming an equilateral tri-
angle. The spacecraft are maintained drag-free
by a complex system of accelerometers and micro-
propellers. Each spacecraft revolves in its own he-
liocentric orbit. The centre of the equilateral tri-
angle is located on the ecliptic and lags 20 de-
grees behind the Earth. The spacecraft rotate in
a circle drawn through the vertices of the trian-
gle and the LISA constellation as a whole revolves
around the Sun. The astrophysical sources that
LISA could observe include galactic binaries, extra-
galactic super-massive black-hole binaries and co-
alescences, and stochastic GW background from
the early universe. Coalescing binaries are one
of the important sources in the LISA frequency
band. These include galactic and extra galactic
stellar mass binaries, and massive and super mas-
sive black-hole binaries.

The IUCAA gravitational wave group has fo-
cussed on the data analysis aspects of GW ob-
servation by both ground-based as well as space-
based detectors. It has had in the past collabora-
tions with all the major gravitational wave groups
around the world. Currently the IUCAA group has
formal collaborations with US, Japan and France
and informal collaborations with other important
gravitational wave groups around the world. With
US the IUCAA group has a MOU on data analysis
of stochastic GW background with the Ligo Science
Collaboration (LSC). With Japan the collaboration
is with the TAMA data analysis group and research
visits between the two groups have been funded by
DST and IJSPS. With France, the collaboration is
with the Nice group working on LISA data anal-
ysis and is funded by the Indo-French Centre for
the Promotion of Advanced Research (IFCPAR).
Following are the three main activities the IUCAA
GW group has focussed on:

Obtaining the gravitational wave sky
map of the stochastic background

Some of the background related to this work has
been described in the last Annual Report. The
new developments are as follows:
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The formulation of the problem of mapping
the gravitational-wave sky has three critical ele-
ments: (a) Measuring the excess power per pixel,
(b) estimating the GW background per pixel after
deconvolution of the synthesized network antenna-
pattern from the data, and (c) Testing the “search
and map” algorithm on simulations. The raw sky

map of the GW background is the signal convolved
with the antennae pattern. In order to obtain the
sky map it must be deconvolved from the observed
data. A data analysis method has been developed
that measures and maps the power in the SGWB
from a specific location in the sky - GW radiometry
using a network of detectors. This work by S. Mi-
tra, S. Dhurandhar, T. Souradeep, A. Lazzarini, M.
Vuk and S. Bose is nearing completion. It is found
that the angular resolution essentially depends on
the effective GW bandwidth and the linear size
of the network. The initial work is restricted to
a single baseline, namely, the one connecting two
4km LIGO detectors at Hanford (LHO) and Liv-
ingston(LLO). The noise curves are assumed to be
identical with the LIGO-I design power spectral
density. The future plan is to extend this analy-
sis to include VIRGO and other detectors around
the world.

The basic statistic is the cross-correlation be-
tween the data from a pair of detectors. In order
to ‘point’ the pair of detectors at different locations
the signal must be suitably delayed by the amount
it takes for the GW to travel to both detectors cor-
responding to the source direction. This delay will
be a function of the source position and will vary
as the Earth rotates. Using the delay allows the
detectors to sample the same wavefront from the
source. Here the focus is on the targeted search
with the final goal of making a GW sky map.

The advantage of a targeted search is seen im-
mediately by examining the so called overlap reduc-
tion factor normally denoted by v(f) in the liter-
ature for isotropic, unpolarized background. This
becomes a time-dependent factor v(f, t) for the tar-
geted search. For the LIGO detectors v(f) quickly
reduces to zero beyond few tens of Hz, while the
targeted factor has bandwidth of few hundreds of
Hz. This is typically valid for a network of detec-
tors and therefore important from the point of view
of the sensitivity regime of GW detectors which lies
in this region.

As in radio-interferometry, the correlation
statistic so constructed produces a ‘dirty’ map
where a point source does not produce a point
image, but one that is smeared by a beam re-
sponse function (beam, for brevity). The ‘cleaned’
GW sky map is obtained from the measured cross-
correlation statistic by deconvolving the beam. In
other words, to obtain the GW power from each



Figure 1: The Figure shows the injected, the dirty and the cleaned maps of GW background

direction in the sky one needs to solve an integral
equation where the measured power (data) is a con-
volution of the actual power with a kernel (beam).
In order to understand the structure of beam, an-
alytical study in the stationary phase approxima-
tion (SPA) is carried out. It is found that at low
latitudes of the point source, the kernel essentially
has the shape of an ‘eight’ with a bright spot at
the intersection. The bright spot is at the loca-
tion of the pointing direction. The ‘eight’ contin-
uously changes and bifurcates into a ‘tear drop’ as
the pointing direction moves to higher latitudes.
The latitude at which this bifurcation occurs is de-
termined by the half-angle of the cone traced out
by the vector joining the two detectors. For the
LIGO detectors this latitude is about 26°. The
size of the bright spot or effective sky patch, de-
fined by a certain percentage of drop in bright-
ness, say 50%, is determined by the inverse of the
band-width divided by the light (GW) travel time
between the detectors. Considering a broadband
source and LIGO detectors having kHz bandwidth
with 10 ms light travel distance between them, the
angular size is about 5° in radius. It is found that
these results agree very well with those obtained by
applying singular value decomposition to the ker-
nel matrix; the eigenvalues fall off steeply after a
certain point which determines essentially the num-
ber of ‘degrees of freedom’ of the kernel matrix and
thereby the size of the sky patch.

The maximum likelihood (ML) approach for
deconvolving the sky map is employed. The inte-
gral equation for a discrete pixelised sky leads to a
set of linear algebraic equations. Several deconvo-
lution algorithms exist in literature for solving such
a problem. However, because of the broad similar-
ity of the given problem with the cosmic microwave
background (CMB) analysis, techniques that have
been successfully applied to deconvolve CMB sky
maps have been chosen. The ML estimate is found
by employing the conjugate gradient method. The
method is verified on simulated sky maps mapped
by a GW radiometer consisting of LIGO pair of
detectors LHO and LLO. Various sky maps are
embedded into ‘realistic’ coloured Gaussian noise

corresponding to LIGO-I design sensitivity curve.
By the method of deconvolution used, the true sky
maps can be recovered satisfactorily. The figures
below show the extraction of the GW map from
a noisy background. The source map of the CMB
like GW background is inserted in the noise. Then
the dirty map of the statistic is shown. In the final
figure the dirty map is deconvolved and a cleaned
map obtained.

Coherent versus coincidence search
for inspiraling binaries

Because several detectors will take data simulta-
neously, it is advantageous to perform a multi-
detector search for GW signals. A multi-detector
search would (i) improve our confidence in detec-
tion of a GW event if a candidate event is regis-
tered; (ii) provide useful directional information on
the GW event if the detectors are sufficiently sep-
arated in location, that is, at large geographical
separations; (iii) provide polarization information
if they are differently oriented. The information
mentioned in (ii) and (iii) is degenerate in a single
detector.

The response of a network to a GW is phase
coherent. By ‘correcting’ for the phase from the
data of different detectors, and the time-delay be-
tween detectors (this amounts to bringing the de-
tectors to the same site and with the same orienta-
tion), one can combine the data phase coherently.
H. Mukhopadhyay, H. Tagoshi, S. Dhurandhar, N.
Sago, H. Takahashi and N. Kanda compare two dif-
ferent multi-detector detection strategies the coher-
ent versus the coincident. The GW source chosen
is the inspiraling binary because the phase of the
wave can be sufficiently accurately computed; the
phase of the wave has been modeled to the 3.5 post-
Newtonian order which means that the phase of the
wave is accurate to about a cycle in a wave train of
~ 10% cycles for typical stellar mass binary inspi-
rals. Secondly, in the context of GW detectors, it
is of great astrophysical significance; a GW signal
of astrophysical importance is considered and for
the first time the analysis uses template banks of
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Figure 2: Receiver Operating Charachteristic curves for coherent and coincident detection of inspiraling binaries.
The curves show that coherent search performs much better than the coincident one

inspirals to compare the two strategies.

The debate between the coherent and coinci-
dent strategies has existed in the community ever
since the coherent strategy was formulated. While
the coherent strategy involves more computational
costs than the coincident strategy, the IUCAA and
TAMA groups have shown for the simple case of
two identical detectors in the same location and
with same orientation, that the performance of the
coherent strategy is superior to that of the coinci-
dence strategy - the false dismissal is considerably
less for the coherent as compared with the coinci-
dent at the same false alarm. This is in spite of
the fact that for simplicity the detectors are taken
to be co-aligned; it is expected that the coherent
strategy will perform better in the case of non-
aligned detectors than its competitor. In order to
decide on the performance between the two strate-
gies, the false dismissal versus false alarm curves
are plotted - the Receiver Operating Characteristic
(ROC) curves. The initial LIGO (LIGO I) noise
curve assuming Gaussian stationary noise is used
in the simulations.

The bottom line here is that the coherent
strategy of detection is superior to the coincidence
strategy. The ROC curves display this fact quan-
titatively for all the cases considered. The coher-
ent detection strategy uses the likelihood function
which inherently uses the information of phase co-
herence to decide on detection. This information
is encoded in the pdf of the H; hypothesis, that a
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signal is present in the data. The pdf explicitly con-
tains the signal from each detector in the network
with consistent phase. Thus the coherent strat-
egy inherently accommodates the phase informa-
tion. Moreover, the likelihood analysis leads nat-
urally to the matched filter which is the optimal
filter for the network output. On the other hand,
the coincidence strategy uses separate event lists
formed by identifying candidate events in each de-
tector considered in isolation - it ignores the crucial
phase information that is inherent in a signal gen-
erated from a specific astrophysical source. This
critical difference between the two analyses leads
to the coherent analysis having superior detection
performance.

Moreover, when the case of correlated noise be-
tween detectors is considered, the coherent strategy
again leads to matched filters which are optimal.
The correlations between the noise enter naturally
into the likelihood analysis and the matched filter
depends on these correlations. In coincidence anal-
ysis, on the other hand, the correlations between
detectors simply do not play any role in the detec-
tion procedure and are thus ipso facto ignored.

The current work comprises two detectors with
identical noise PSD, identically oriented and in the
same location. The results are easily generalized to
more than two detectors with identical noise PSD,
with identical orientation and in the same location.
These results can be further generalised to include
arbitrarily oriented detectors in different geograph-



ical locations. This is work in progress. It is ex-
pected that the difference in performance between
the two strategies to be more striking. One reason
is that for differently oriented detectors, there is a
finite possibility that a signal may not be detected
separately by both detectors, thus ruling out coin-
cidence detection, while coherently it could still be
detected. In the figure below, the ROC curves are
shown for the LIGO-VIRGO baseline where it has
been assumed that the source distribution is uni-
form in space and in orientation. From the figure,
it is evident that the coherent strategy outperforms
the coincidence strategy by a large margin.

The work can be generalised in another direc-
tion in a straight forward manner to include other
GW sources with known waveforms of finite dura-
tion. In particular, this work could be generalised
to burst sources where the waveform could be con-
strained from physical and astrophysical consider-
ations. This is a worthwhile future direction to
adopt.

A general relativistic analysis of LISA
dynamics and optics

The joint NASA-ESA mission LISA relies crucially
on the stability of the three spacecraft constella-
tion. Each of the spacecraft is in heliocentric or-
bits forming a stable triangle. In order for LISA
to operate successfully, it is crucial that the three
spacecraft which form the hubs of the laser inter-
ferometer in space maintain nearly constant dis-
tances between them. The distance between any
two spacecraft is ~ 5 x 10 km which must be main-
tained during the LISA’s flight. However, in order
to thoroughly study optical links and light propa-
gation between these moving stations, one requires
detailed analysis of the LISA configuration. The
first goal was to analyse the motion of LISA space-
craft with a view to determine those spacecraft con-
figurations which are stable from the point of view
of laser frequency noise cancellation. This is now
done in a series of papers by R. Nayak, S. Koshti,
S. Dhurandhar and J-Y Vinet.

Cosmology and Structure For-
mation

Confronting higher dimensional cos-
mology with observations

One of the remarkable properties of our universe
is that baryonic matter — the stuff of which we
are made — accounts for only a small fraction of
the total density of the universe. Galactic and
extra-galactic observations carried out during the
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past several decades suggest that close to 96% of
the density in the universe is either in the form
of dark matter or dark energy. Although several
candidates for both dark matter or dark energy
have been suggested the precise nature of either
of these substances remains unknown. One radical
hypothesis is that the current acceleration of the
universe is not caused by dark energy but comes
about as a consequence of a modification of Ein-
stein’s equations. The late-time acceleration of the
universe in this case is caused by a departure of
space-time physics from general relativity on large
scales and/or at late times. An important exam-
ple of this class of models is braneworld cosmol-
ogy according to which our three dimensional uni-
verse is a lower dimensional ‘brane’ embedded in a
higher dimensional ‘bulk’ space-time. Braneworld
models may provide a low energy manifestation of
string/M-theory. As demonstrated by Varun Sahni
and Yuri Shtanov, within the cosmological con-
text braneworld models provide exciting new pos-
sibilities including: A family of braneworld models
which unify the approaches of Randall-Sundrum
and DGP allow the effective equation of state of
dark energy to be ‘quintessence-like’ w > —1 as
well as ‘phantom-like’ w < —1. In a subclass of
these models the acceleration of the universe is a
transient phenomenon, which gives way to matter
dominated expansion in the future. The absence
of horizons in a transiently accelerating space-time
is an attractive feature of this scenario since it can
reconcile current observations of acceleration with
the demands of string/M-theory. The older age
of some braneworld models also make them better
equipped to explain the existence of high redshift
QSO’s. Ujjaini Alam and Sahni have tested a class
of braneworld models against observations. They
examine the braneworld models proposed by Sahni
and Shtanov in the light of the Gold SNe data set
and the 71 new SNe discovered by the Supernova
Legacy Survey (SNLS). They use this data in con-
junction with the recent discovery of the baryon
acoustic peak (BAO) in the Sloan Digital Sky Sur-
vey to place constraints on the parameter space of
accelerating braneworld models.

Braneworld models can be embedded in the
five dimensional bulk in two distinct ways which
leads to two complementary models Brane 1 and
Brane 2. In Brane 1 the present value of the ef-
fective equation of state is phantom-like w < —1,
whereas the opposite is true for Brane 2 which has
w > —1. On the basis of the current data, Alam
and Sahni conclude that, within 1o, both classes
of braneworld models are able to satisfy the cur-
rent supernova data and therefore remain a pos-
sible candidate for dark energy together with the
cosmological constant; see figure 3.



Quantum effects, soft singularities
and the fate of the universe

Higher dimensional ‘braneworld models’ often show
behavior which has no parallel in general relativity.
As an example, it is well known that a homoge-
neous and isotropic universe can experience a big
bang singularity in its past and/or a big crunch sin-
gularity in its future. At both singularities the den-
sity of matter diverges as does its expansion rate
(described by the Hubble parameter). Within the
braneworld context, Varun Sahni in collaboration
with Shtanov, Tretyakov and Toporensky examined
the possibility that the universe may encounter a
fundamentally new class of singularities.

The rate of expansion of the universe and its
ultimate fate depend on the system of equations
governing evolution which are different for general
relativity, scalar-tensor theory, braneworld theory
etc. They also depend on the form of matter and,
particularly, on its equation of state. In general rel-
ativity (GR), if one assumes that matter satisfies
the strong energy condition (SEC) p+3p > 0, then,
within a Friedmann—Robertson—Walker (FRW) set-
ting, the evolution of the universe is strongly de-
pendent upon the spatial curvature: a spatially
closed universe turns around and collapses whereas
open and flat cosmologies continue to expand for-
ever. The situation becomes more complicated
(and interesting!) if one of the following assump-
tions is made: (i) the expansion of the universe is
not governed by GR, (ii) matter can violate the
SEC and even the weak energy condition (WEC)
p+p > 0. In the latter case, if w = p/p < —1,
then the expanding universe can encounter a “big
rip” future singularity at which the density, pres-
sure, and Hubble parameter diverge. In the former
case, if the equations of motion have been derived
from a braneworld action, then the expanding uni-
verse can encounter a new quiescent singularity, at
which the density, pressure and Hubble parameter
remasin finite, but derivatives of the Hubble param-
eter, including H, diverge. The occurrence of this
singularity is related to the fact that the equations
of motion are no longer quasi-linear (as they are,
for instance, in general relativity) but include terms
which are non-linear in the highest derivative.

Sahni and collaborators examine the issue of
how quantum effects might influence a braneworld
which encounters a quiescent singularity during
expansion. It is well known that quantum ef-
fects come into play when the space-time curva-
ture becomes large, as happens, for instance, in the
vicinity of a black hole or near the Big-Bang and
Big-Crunch singularities of general relativity. Al-
though the density and pressure remain finite, the
Kretschmann invariant diverges (Rxi, R*'™ —
o0) as one approaches a quiescent singularity. One
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therefore expects quantum effects to become rele-
vant in this case too.

This is indeed the case. Quantum corrections
to the equations of motion at the semi-classical
level result in several important changes to the evo-
lution of the universe: the quiescent singularity
changes its form and becomes a much weaker “soft”
singularity, at which H and H remain finite but
®)ds23h — oo; (ii) vacuum polarization effects can
cause a spatially flat universe to turn around and
collapse.

Both (i) and (ii) demonstrate that the incorpo-
ration of quantum effects into the braneworld equa-
tions of motion can radically alter the future of our
universe and lead to behaviour which differs signif-
icantly from general-relativistic cosmology. Since
the quiescent singularity (and the associated quan-
tum effects) arise as the density drops below a
threshold value, it follows that those regions which
are significantly underdense (voids) may be the first
to encounter the quiescent singularity. Sahni and
collaborators also discuss whether particle produc-
tion effects could be significant as the universe ap-
proaches a quiescent future singularity. An inter-
esting possibility that may arise in this case is that
the universe expands in a regime in which the Hub-
ble parameter oscillates about the de Sitter value.

Dark energy

There is a growing consensus in cosmology that
the Universe is currently accelerating. Perhaps the
simplest explanation of this property is the pres-
ence of a positive cosmological constant A. Al-
though A appears to explain all current observa-
tions satisfactorily, to do so its value must necessar-
ily be very small A/87G ~ 10~*"GeV*. So, it rep-
resents a new small constant of nature in addition
to those known from elementary particle physics.
However, since it is not known at present how to
derive it from these other small constants and it is
even unclear if it should be exactly constant, other
phenomenological explanations for cosmic acceler-
ation have been suggested. Collectively called dark
energy (DE) models, they are based either on the
introduction of new physical fields (quintessence
and phantom models, the Chaplygin gas, etc.), or
on geometrical approaches which attempt to gener-
ate acceleration by means of a change in the laws
of gravity and, therefore, the geometry of space-
time. Scalar-tensor gravity, R + f(R) gravity and
higher dimensional ‘Braneworld’ models are promi-
nent members of this second category.

The growing number of dark energy models
has inspired a complementary approach whose aim
is to reconstruct properties of DE directly from
observations in a quasi-model independent man-
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see that the behaviour of the “effective” equation of state of the braneworld models can be markedly different from
ACDM (w = —1) within 1o even for the small values of 25 allowed by the data.

ner. Varun Sahni and Alexei Starobinsky have
made an exhaustive study of the model indepen-
dent approach. In a collaboration with Ujjaini
Alam they have investigated what new insights can
be obtained about dark energy using the most re-
cent data, and to see whether or not these data
strengthen previously obtained results on the close-
ness of DE to A. Alam, Sahni and Starobinsky
study two different supernova samples — the newly
released Gold+HST sample and SNLS data — to
see what constraints follow from them on possi-
ble evolution of dark energy. Although supernova
data forms the major observational proof of dark
energy, Alam, Sahni and Starobinsky also try to
obtain independent information on the nature of
dark energy from the other observational results
by examining the following two datasets: (i) The
R parameter characterizing acoustic peaks in the
angular power spectrum of the cosmic microwave
background (CMB) which helps in the investigation
of the properties of dark energy. (ii) A remarkable
confirmation of the standard big bang cosmology
has been the recent detection of a peak in the corre-
lation function of luminous red galaxies in the Sloan
Digital Sky Survey. This peak, which is predicted
to arise precisely at the measured scale of 100 h™*
Mpc due to acoustic oscillations in the primordial
baryon-photon plasma prior to recombination, can
provide a ‘standard ruler’ with which to test dark
energy models.

Alam, Sahni and Starobinsky find that the
Gold+HST dataset appears to favour an evolving
model of dark energy with wg < —1 at present and
with w ~ 0 at the redshift z ~ 1 over ACDM for
its best-fit, however ACDM is still consistent at 20.
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For SNLS data, the reconstruction results are more
consistent with ACDM.

It thus appears that results obtained using the
SNLS data contradict the results obtained using
the Gold dataset. However, the difference is not
very large, at 20 the results from both datasets
are consistent with each other. The reason for this
discrepancy could be due to the fact that the light-
curve standardization of the two datasets is done
using different methods, MLCS2k2 for Gold+HST
and SALT for SNLS and it is well known differ-
ent standardization techniques may lead to differ-
ences of upto 0.16 magnitude in the data. The dis-
crepancy in cosmological results may therefore be
attributed partly to the different standardization
techniques. It may also be due to the fact that the
low redshift and high redshift SNe are obtained by
different surveys. Future surveys such as SNAP,
JEDI and DUNE should have a better handle on
the systematic errors and such discrepancies should
disappear.

Alam, Sahni and Starobinsky conclude that
their results are consistent with ACDM but do not
rule out weakly time dependent dark energy. Cos-
mological reconstruction from the current datasets
appear to be rather sensitive to the value cho-
sen for the present matter density Qpn. As a
result, it is difficult to reach firm conclusions on
the nature of dark energy from these data un-
til stronger model-independent constraints on g,
are obtained, hopefully from future observations.
Thus, even with the most recent data, the funda-
mental question of whether dark energy reduces to
A or not, remains open.
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Figure 4: Luminosity function at different redshift bins. The solid, dotted and dashed curves are the predictions
of models with lower mass cutoffs 1, 0.5 and 0.1 Mg respectively. All the models assume Salpeter IMF with upper
mass cutoff 100 Mg, metallicity Z = 0.0004, x = 1.0 and f, = 0.5.
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Probing the star formation history us-
ing the redshift evolution of luminos-
ity functions

Samui, Srianand and Subramanian have worked
out a self-consistent, semi-analytical ACDM model
of star formation and reionization. For the cos-
mological parameters favored by the WMAP third
year data, their model consistently reproduces the
electron scattering optical depth to reionization,
redshift of reionization and the observed luminos-
ity functions (LF) (see Fig. 4) and hence the star
formation rate (SFR) density at 3 < z < 6 for a
reasonable range of model parameters. The sup-
pression of small mass halos due to reionization
feedback produces the correct shape of LF at z = 6.
However, for z = 3 they need additional feedback
that suppresses star formation activities in halos
with 101 < (M/Mg) < 10, This could be due
to the effect of galactic winds.

Models with prolonged continuous star forma-
tion activities are preferred over those with short
bursts as they are consistent with the existence of
an older population of stars (leading to a Balmer
break) in considerable fraction of observed galaxies
even at z ~ 6. The halo number density evolu-
tion from the standard ACDM structure formation
model that fits LF up to z = 6 is consistent with
the upper limits on z ~ 7 LF and source counts
at 8 < z < 12 obtained from the Hubble Ultra
Deep Field (HUDF) observations without requir-
ing any dramatic change in the nature of star for-
mation. However, to reproduce the observed LF
at 6 < z < 10, obtained from the near-IR obser-
vations around strong lensing clusters, we need a
strong evolution in the initial mass function, red-
dening correction and the mode of star formation
at z > 8.

They show that low mass molecular cooled ha-
los, which may be important for reionizing the uni-
verse, are not detectable in the present deep field
observations even if a considerable fraction of its
baryonic mass goes through a star burst phase.
However, their presence and contribution to reion-
ization can be inferred indirectly from the redshift
evolution of the luminosity function in the redshift
range 6 < z < 12. In their model calculations, the
contribution of low mass halos to global SFR den-
sity prior to reionization reveals itself in the form of
second peak at z > 6. However this peak will not
be visible in the observed SFR density as a func-
tion of z as most of these galaxies have luminosity
below the detection threshold of various ongoing
deep field surveys. Accurately measuring the LF
at high redshifts can be used to understand the na-
ture of star formation in the dark ages and probe
the history of reionization.
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Alternative cosmology

Work by R.R. Vishwakarma and Jayant Narlikar
on the quasi-steady state cosmology has continued
on the observational front. A fitting of theoreti-
cal curve to the m-z relation for supernovae (Gold
sample) shows that the QSSC is consistent with
the data with comfortable confidnce levels. The
optimum dust density that causes dimming of dis-
tant supernovae is consistent with that needed to
thermalize relic starlight and produce microwave
background.

Cosmic Microwave Background
Anisotropy

In the short span of fifteen years since the first de-
tection by the COBE satellite in 1992, remarkable
improvements in sensitivity, resolution and sky cov-
erage in the measurements of Cosmic Microwave
Background (CMB) anisotropy have firmly estab-
lished the area as centerpiece of Astronomy and
Astrophysics, and played a key role in the rapid
progress of cosmology and related areas. More re-
cently, in the past five years, the detection and
mapping of CMB polarization has added a new di-
mension to this success story.

As regularly reported in previous annual re-
ports, Tarun Souradeep and his collaborators have
sustained a successful research program covering
a broad spectrum of issues related to the CMB
anisotropy and polarization. Recent measurements
from the Wilkinson Microwave Anisotropy Probe
combine high angular resolution with full sky cov-
erage allowed by a space mission. The second data
release from WMAP in March 2006 was another
milestone in CMB research that provided the first
‘all sky’ maps of (E-mode) of CMB polarization as
well as updated CMB temperature anisotropy re-
sults based on three years of data. The WMAP
results have made a deep impact on cosmology and
related subjects. In the past year, Souradeep and
collaborators have have applied different aspects
program of research to the three years of WMAP
data. The Planck Surveyor mission of ESA — ar-
guably, the most ambitious of CMB experiments
yet, is scheduled for launch in the next year. Hence,
the current research has also focused on prepara-
tion for the upcoming richer data of unprecedented
quality.

Estimating the angular power spec-
trum of CMB

The cosmological information that can be extracted
from the exquisite CMB measurements is currently
limited by the ability to analyze the large data sets,
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carefully accounting for very subtle systematic ef-
fects which become important at that level of sensi-
tivity. These include the subtle biases arising from
different approaches to the removal of foreground
contamination and accurate modeling of the beam
response of the experiments. Souradeep, Rajib
Saha and Pankaj Jain of IIT Kanpur, have ap-
plied their novel method of self contained analysis
of multi-frequency data (reported in the previous
annual report) and provided an independent esti-
mation of the angular power spectrum from 3-years
of WMAP data soon after the second data release
(see Figure 5). The group was one of five interna-
tional research teams that jointly conducted a com-
prehensive reanalysis of the recently released three-
years of WMAP data. In ongoing in depth study
with Simon Prunet, IAP, they have identified and
addressed the subtle bias issues of the method. The
method is also being viewed with great promise for
near future CMB polarization measurements since
very little is known about the polarized foregrounds
at CMB frequencies to allow for reliable modeling
based approaches to foreground removal. This is
under investigation by Rajib Saha who is visiting
Simon Prunet and Francois Bouchet at TAP, Paris
for a nine month period on an Indo-French Sand-
wich Ph.D. program sponsored by the French em-
bassy.

The non-circularity of the experimental beam
has progressively become an important systematic
effect that challenges upcoming CMB experiments
that strive to attain higher angular resolution and
sensitivity. As reported in the previous annual re-
port, former IUCAA students, Sanjit Mitra and A.
Sengupta, carried out a comprehensive study of the
effect of a non-circular beam on CMB power spec-
trum from WMAP. This effect has been noted and
accounted for in the WMAP team’s analysis accom-
panying the second release. In the past year, Sangjit
Mitra, A. Sengupta, Subharthi Ray, R. Saha and
Souradeep have significantly elaborated the scope
of this approach to provide explicit analytic ex-
pressions for the effect of non-circular beam, now
including the effect of non-uniform sky-coverage.
These effort have initiated a CEFIPRA funded
Indo-French collaboration with leading French sci-
entists, Francois Bouchet and Simon Prunet in the
the Planck Surveyor mission to address important
systematic effects. Under the CEFIPRA program,
Soumen Basak visited IAP, Paris and has embarked
on an ambitious research program to decompose
the non-circular part of beam prior to the map-
making stage. This will allow CMB experiments,
such as Planck, to produce final maps that are ef-
fectively smoothed by a circularly symmetric beam
and will obviate the need to correct for beam non-
circularity in the subsequent analyzes such as the
estimation of the angular power spectrum.
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Statistical Anisotropy of the CMB
maps from WMAP

As reported in the previous annual reports, Bipo-
lar spherical harmonic analysis has been proposed
and established by the group in IUCAA as a ro-
bust measure of violation of statistical isotropy in
the CMB anisotropy map. The detection of SI vi-
olation could have profound implications for cos-
mology. Souradeep has continued his collaboration
with the former JTUCAA student, Amir Hajian at
Princeton University. They have published a de-
tailed analysis of the second release of WMAP data
(March 2006) on CMB anisotropy and polariza-
tion. In this recent work they have also introduced
two new directional measures of statistical isotropy,
namely, reduced Bipolar coefficients and the Bipo-
lar map of correlation patterns.

Since CMB polarization is generated only at
the surface of last scattering, violations of statis-
tical isotropy are pristine cosmic signatures and
cannot be explained in terms of the local universe.
CMB polarization map over large areas of the sky
has been delivered by WMAP second data release.
The statistical isotropy of the CMB polarization
maps will be an independent probe of the cos-
mological principle. Hajian, Soumen Basak and
Souradeep have published the first study of the SI
of CMB polarization maps using Bipolar harmonic
analysis. The results have established the feasibil-
ity of bipolar analysis on CMB polarization and
promise of the method when maps at much higher
signal to noise will be available from Planck.

As reported in previous annual reports, the
group at IUCAA has also studied the SI violation
as a probe to constrain, or detect, signatures of spe-
cific theoretical possibilities, such as cosmic topol-
ogy, cosmic magnetic fields and anisotropic cosmol-
ogy. In particular, anisotropic,Bianchi VII, cos-
mological models that predict a characteristic spi-
ral pattern of temperature anisotropy embedded in
the random CMB anisotropy from primordial per-
turbations have been recently proposed in the lit-
erature to explain potential anomalies in the CMB
anisotropy as observed by WMAP (see Fig. 6).
Tuhin Ghosh, Amir Hajian and Souradeep have in-
vestigated the violation of statistical isotropy due
to the embedded Bianchi VII;, pattern in the CMB
anisotropy maps. The bipolar analysis allows them
to assess whether the existence of a hidden Bianchi
in the WMAP data is consistent with the pre-
vious null detection of the bipolar power spec-
trum in the WMAP first year maps. By exam-
ining statistical isotropy of these maps, a limit of
(%) < 2.77x107*°(99%CL) can be placed on the
shear parameter in Bianchi VII; models.
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Early universe from CMB

The spectrum of primordial perturbations that
seeded the large scale structure in the universe is as-
sumed to follow the predictions from simplest mod-
els within the inflationary paradigm. As reported
in previous annual reports, the accurate measure-
ments of the angular power spectrum over a wide
range of multipoles from the WMAP have allowed
Arman Shafieloo and Souradeep to deconvolve the
primordial power spectrum from the angular power
spectrum of CMB anisotropy measured by WMAP.
Their recent analysis of the three year data from
WMAP confirms and strengthens the evidence for
the prominent features of the recovered primordial
power spectrum — a sharp, non-monotonic, infra-
red cut off on the horizon scale, seen in the first
year results. The current analysis employs wavelet
decomposition to identify features in the primordial
primordial power spectrum as well as to smooth
out artifacts from noise and deconvolution method.
In another recent work published in Phys. Rev
D. with collaborators P. Manimaran, R. Rangara-
jan and P. Panigrahi of PRL, Ahmadabad, wavelet
analysis has been employed to asses the significance
of the features in the primordial spectrum recov-
ered from the first year data of WMAP.

Joint estimation of eight or more cosmological
parameters is a computational challenge that has
prompted use of fast, sub-optimal techniques like
Markov Chain Monte Carlo method (MCMC). In
another recent publication in Phys. Rev. D, Rita
Sinha and Souradeep have carried out cosmologi-
cal parameter estimation with classes of inflation-
ary models that have an infra-red cutoff in the pri-
mordial power spectrum. Estimation of cosmolog-
ical parameters for considerably extended parame-
ter space is being currently pursued by Subharthi
Ray and Arman Shafieloo with Souradeep.

33

Mapping the stochastic gravity wave
background

Besides the CMB related effort, Souradeep is
also involved in the direct measurement of the
stochastic background using laser interferometers
on ground such as LIGO and future space anten-
nae (LISA). Map making of the stochastic gravity
wave background bears close technical resemblance
to that of CMB anisotropy. As members of the
LIGO Science collaboration, Sanjeev Dhurandhar,
Sanjit Mitra and Souradeep have developed and im-
plemented a formalism for GW radiometry to map
the stochastic GW background on the sky. They
have imported techniques from CMB analysis and
have developed and implemented the methodology
for carrying out gravity wave radiometry. San-
jit Mitra visited LIGO, Caltech for three months
in 2006 to work with stochastic sub-group of the
LIGO Science Collaboration.

Observational Cosmology and
Extragalactic Astronomy

VLA discovers cosmic shock waves
around a cluster of galaxies

The distribution of galaxies in the universe is
marked by vast cosmic voids embraced by a net-
work of galaxy filaments and massive galaxy clus-
ters containing up to thousands of galaxies. This
inhomogeneous matter distribution emerged from
an extremely smooth initial state with relative den-
sity fluctuations of only about 1075. Over billions
of years, the initially tiny density variations grew
through gravitational instability. Larger and larger
structures still form today as a result of the violent
merging of galaxies and clusters of galaxies. In ad-
dition, there is a continuous accretion flow of gas



Figure 7: Upper panel: A large-scale radio/optical view of rich cluster of galaxies Abell 3376 in visible light (white)
and 21-cm radio (red). The giant radio arcs surrounding the cluster were discovered using the Very Large Array.
The visible-light image is from the Digitized Sky survey. Lower left panel: an X-ray image of Abell 3376 made
using the European Space Agency’s XMM-Newton telescope shows a spectacular, speeding-bullet shaped region of
X-rays coming from gas heated to 60 million degrees Kelvin. The bullet shape results from the supersonic collision of
a smaller galaxy subcluster with the main body of the larger cluster. Lower right panel: A numerical simulation
showing projected dark matter distribution around a rich cluster of galaxies during its formation. The cluster is seen
surrounded by numerous intersecting filaments and voids (courtsey: Volker Springel and ‘Nature’ magazine).
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falling onto galaxy clusters out of the dilute inter-
galactic medium. Astronomers think that a sig-
nificant fraction of the matter present in the uni-
verse could be in this thin, diffuse medium heated
to temperatures of 10° K to 107 K by intergalac-
tic shocks. The direct detection of this gas is an
active field of research, and is a challenging task.
One of the possible methods to detect such matter
is the observation of peripheral regions in clusters
of galaxies at radio wavelengths, where strongest
shocks occur.

An international team led by J. Bagchi, us-
ing data from two of the world’s largest and most
sensitive telescopes; the Very Large Array (VLA)
in radio, and the European Space Agency’s XMM-
Newton in x-ray wavelengths, have discovered gi-
ant, ringlike structures around a cluster of galax-
ies, known as Abell 3376. Abell 3376 is located
some 600 million light years from earth; which is
the distance estimated from it’s redshift of 0.046.
These huge, newly-discovered ring segments, some
6 million light years across (about 2 Mpc), were
revealed in a deep VLA radio observation at the
wavelength of 20 cm [see Figure 7]. These struc-
tures probably mark the sites of cosmological shock
waves, caused by energetic collisions, mergers, and
movement of gas and smaller galaxy groups in this
massive cluster under construction. The discov-
ery provides tantalizing new information about how
such galaxy clusters are assembled, about magnetic
fields in the vast spaces between galaxy clusters,
and also about the origin of highest-energy cosmic
rays. Cosmic rays are extremely energetic proton
or nuclei with energies upto 10?° eV, but their ori-
gin is still unknown, and they have puzzled scien-
tists for decades.

The x-ray observations of Abell 3376 obtained
with the ROSAT and XMM-Newton satellites show
that galaxy cluster has a spectacular “bullet” or
“cometary” structure, elongated along the princi-
pal axis of the radio emission [Figure 7]. As in
many galaxy clusters, this x-ray emission is at-
tributed to a very hot and diffuse gas with a tem-
perature of ~ 6 x 107 K. The temperature map of
this hot gas reveals the existence of alternatively
hotter and cooler zones. This suggests that a small
cluster is crossing a larger one, creating shock waves
which are heating the gas in some regions. The
movement of the small cluster is probably along
the direction of the “wake” visible on the x-ray im-
age, and this direction is perpendicular to that of
the large scale shocks, which led to the formation
of gigantic arcs of radio emission at the location of
shock fronts.

But what produces the radio waves emitted
from the giant ring structures? Gas falling into the
gravitational wells of galaxy clusters can reach ve-
locities of up to a few thousand kilometers per sec-
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ond. When it collides with the hot and ionized gas
at a temperature of 107 to 108 K within clusters,
large-scale “accretion” shock waves form that heat
the infalling gas to similar temperatures. Magnetic
fields in the gas may permit a small fraction of the
thermal gas particles to scatter back into the up-
stream region of the shock wave and to undergo
the energizing shock compression again and again.
This so-called diffusive shock acceleration process
produces nonthermal particles with an energy spec-
trum easily extending into ultrarelativistic energies
(close to speed of light), where particle energies ex-
ceed their rest mass energies by large factors. Al-
though the number of these relativistic particles is
small compared with the thermal ones, they can
account for a substantial fraction of the dissipated
shock energy. The highly energetic electrons can
be “kicked” by the shock waves to very high en-
ergies. These electrons would then gyrate across
the magnetic field lines and emit the feeble radio
waves picked up by the highly sensitive VLA radio
antennas. This so-called synchrotron radiation is
also observed in particle accelerators on earth, as
well as in the expanding shock fronts of supernovae,
radio-jets and gamma-ray bursters.

In a paper published in Science, J. Bagchi et
al. show that the pair of giant radio structures in
galaxy Abell 3376 may be emission from the ac-
cretion shocks of the cluster. This dual radio mor-
phology is possibly caused by the stronger matter
flow onto the cluster along an embedding galaxy
filament, as seen in a computer simulation image
shown in Figure 7 . If this interpretation is cor-
rect, it would be a remarkable finding, because it
would imply the presence of magnetic fields in the
infalling gas, whereas magnetic fields have so far
only been detected within galaxy clusters. Further-
more, it would be the first observational identifica-
tion of an accretion shock wave. Accretion shock
waves are very interesting because they may also be
linked to the origin of the mysterious ultra-high-
energy cosmic rays which may contain extremely
energetic protons with energies up to 1020 eV. Al-
though most of the energy of the cosmic structure
formation is dissipated in the centers of galaxy clus-
ters, the shock waves in the outskirts and especially
the accretion shocks have much higher Mach num-
bers and therefore should be more efficient parti-
cle accelerators. The highest energy electrons from
such shocks can scatter photons of the cosmic mi-
crowave background into gamma ray bands and
thereby contribute to the observed and still unre-
solved gamma-ray background. As a result, the gi-
ant radio rings in Abell 3376 mark locations to be
monitored in the future for all kinds of high-energy
radiation.

Interestingly, there is another plausible expla-
nation for the double radio arcs. One can interpret



that the shock waves that energized these electrons
came from the collision of a smaller group of galax-
ies with the main body of the larger cluster, as
revealed in the highly elongated XMM-Newton x-
ray image. When two such massive objects crash
into each other at supersonic speed, gigantic ripple-
like shock waves are created in the surrounding gas,
which race out to the outer regions of the forming
cluster at a speed of thousands of kilometers per
second. These shock waves steepen as they run into
the more dilute gas of the cluster outskirts, similar
to tsunami waves propagating into shallower wa-
ter. A resulting pair of radio relics was indeed ob-
served in a morphologically similar merging clus-
ter, Abell 3667, and well reproduced by numeri-
cal simulations. Possibly, the radio structures in
Abell 3376 are also of this type. In any case, it is
exciting that the giant radio arcs in Abell 3376 pro-
vide us with direct insight into the fluid dynamics
of cosmic structure formation. This important and
surprising observation gives a foretaste of the ra-
dio glow of the cosmic large-scale structure, which
one hopes to discern with the next generation radio
telescopes such as the Low Frequency Array (LO-
FAR), the Long Wavelength Array (LWA), and the
Square Kilometre Array (SKA).

Morphological diversities
Lyman-break galaxies

among

In the last couple of years, the approach to-
wards understanding the formation and evolution
of galaxies has undergone a revolution through
the large number of multi-wavelength surveys that
cover large areas on the sky. The combination
of deep imaging and follow-up spectroscopy using
best telescope facilities, allows to select galaxies by
their redshifts, or by known color-selection meth-
ods and trace the evolution of galaxies through
cosmic time. The deep, multi-wavelength im-
ages obtained by the Great Observatories Ori-
gins Deep Survey (GOODS) provide unprecedented
large sample (~ 4700) of Lyman-break galaxies
(LBGs) at z > 2.5, and starburst galaxies (~ 292)
at z ~ 1.2. With the high resolution (< 700 par-
secs at z > 2.5) offered by the HST/ACS images,
it has become possible for the first time to quantify
the structural parameters of statistically significant
number of LBGs. S. Ravindranath and collabora-
tors have performed morphological analysis based
on light profile shape and ellipticity for ~ 1333
of the most luminous (> 0.5 L*) LBGs. About
40% of LBGs at z ~ 3 have exponential profiles,
~ 30% of the galaxies have steep (r'/“-like) pro-
files, and (~ 30%) of LBGs have multiple cores or
disturbed morphologies suggestive of close pairs or
mergers. The fraction of spheroid-like LBGs de-
creases by about 15% from z ~ 5 to 3. A compari-
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son of LBGs with the starburst galaxies at z ~ 1.2,
shows that disk-like and merger morphologies are
dominant, but the fraction of spheroid-like profiles
is about 20% higher among LBGs. The ellipticity
distribution for LBGs exhibits a pronounced skew
towards high ellipticities (¢ > 0.5), which cannot
be explained by morphologies similar to the local
disks and spheroids viewed at random orientations.
The peak of the distribution evolves toward lower e,
from 0.7 at z = 4 to ~ 0.5 at z = 3. The ellipticity
distribution for the z ~ 1.2 galaxies is relatively
flat similar to that seen for present-day galaxies.
The dominance of elongated morphologies suggests
that in a significant fraction of LBGs we may be
witnessing star-formation in clumps along gas-rich
filaments, or the earliest gas-rich bars that encom-
pass essentially the entire visible galaxy.

Evolution of star-forming galaxies

S. Ravindranath and collaborators have used the
multiwavelength photometric and spectroscopic
data covering the Chandra Deep Field South
(CDF-S) obtained within the GOODS program, to
investigate the rest-frame UV properties of galaxies
out to z ~ 2.2, including the evolution of the lu-
minosity function, the luminosity density, star for-
mation rate (SFR), and galaxy morphology. They
found a significant brightening (~ 1 mag) in the
rest-frame 2800A  characteristic magnitude (M*)
over the redshift range 0.3 < z < 1.7 and no evolu-
tion at higher redshifts. The rest-frame 2800A lu-
minosity density shows an increase by a factor of
~ 4 over the redshift range investigated. They
estimated the SFR density to z ~ 2.2 from the
1500 and 2800A luminosities and found that the
SFR (without extinction correction) derived from
the 2800A luminosity density is almost a factor
of 2 higher than that derived from the 1500A lu-
minosities. Attributing this difference to differen-
tial dust extinction, they found that E(B - V) =
0.20 results in the same extinction-corrected SFR
from both 1500 and 2800A luminosities. The
extinction-corrected SFR is a factor of ~6.5 (~3.7)
higher than the uncorrected SFR derived from
1500A (2800A ) luminosity. They also studied the
morphological composition of our sample by fitting
Sérsic profiles to the HST ACS galaxy images at a
fixed rest-frame wavelength of 2800A at 0.5 <z <
2.2 and found that the fraction of apparently bulge-
dominated galaxies (Sérsic index n > 2.5) increases
from ~ 10% at z ~ 0.5 to ~30% at z ~ 2.2. At the
same time, the galaxies get bluer at increasing red-
shift. This suggests a scenario where an increased
fraction of the star formation takes place in bulge-
dominated systems at high redshift. This could
be evidence that the present-day elliptical galaxies
are a result of assembly (i.e., mergers) of galaxies



at z > 1. Finally, the galaxy size for a luminosity-
selected sample evolves as 75, o< (1+2)~ 1! between
redshifts z = 2.2 and 1.1, consistent with the evolu-
tion reported previously over the redshift 0 < z <
6.

Star formation at high redshift from
the Hubble Ultra Deep Field

In another investigation S. Ravindranath and col-
laborators studied the photometric redshift distri-
butions, spectral types, Sérsic indices, and sizes of
all resolved galaxies in the Hubble Space Telescope
Ultra Deep Field (UDF) in order to understand
the environment and nature of star formation in
the early Universe. Clumpy disk galaxies that are
bright at short wavelengths (restframe < 5000A)
dominate the UDF out to z ~ 5.5. Their uni-
formity in V/Vj,4. and co-moving volume density
suggest they go even further, spanning a total time
more than an order of magnitude larger than their
instantaneous star formation times. They precede
as well as accompany the formation epoch of dis-
tant red galaxies and extreme red objects. Those
preceding could be the pre-merger objects that
combined to make red spheroidal types at z ~ 2—3.
Clumpy disks that do not undergo mergers are
likely to evolve into spirals. The morphology of
clumpy disks, the size and separation of the clumps,
and the prevalence of this type of structure in the
early Universe suggests that most star formation
occurs by self-gravitational collapse of disk gas.

Morphological mix of Luminous Com-
pact Galaxies at intermediate red-
shifts from the HST/ACS GOODS
survey

The LCGs also known as Compact Narrow Emis-
sion Line Galaxies CNELGs, are galaxies which
were originally identified as star-like objects with
colors unlike typical stars. Abhishek Rawat in
collaboration with Ajit Kembhavi and Sudhanshu
Barway and Francois Hammer and Hector Flo-
res (I’Observatoire de Paris France) used multi-
band imaging data from Chandra Deep Field South
CDFS half of the HST/ACS GOODS survey to de-
termine the quantitative morphological parameters
of a complete sample of LCGs in the intermediate
redshift range. They derive the following morpho-
logical mix for their sample of intermediate redshift
LCGs: Mergers: ~36%, Disk dominated: ~25%,
S0: ~17%, Bulge dominated: ~7%, Irr/tadpole:
~15%.

They establish that LCGs are intermediate mass
objects with stellar mass ranging from 9.44 <
Logio(M/Mg) < 10.96, with a median mass of
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Log1o(M/Mg) = 10.32. They also derive SFR val-
ues ranging from a few to ~ 65 Mg /year as ex-
pected for this class of objects. They find that
LCGs account for ~26% of the Mg < —20 galaxy
population in the redshift range 0.5 < 2z < 1.2.
They estimate a factor ~11 fall in the comov-
ing number density of blue LCGs from redshifts
0.5 < z < 1.2 to the current epoch. The strong
redshift evolution exhibited by LCGs, and the fact
that a significant fraction of LCGs are in merg-
ing systems, seem to indicate that LCGs might be
an important phase in the hierarchical evolution of
galaxies. It is envisaged that some of the LCGs
that are classified as merging systems, might go on
to rebuild their disks and evolve into disk galaxies
in the local universe.

Evolution in merger rate of galax-
ies with redshift from HST/ACS
GOODS dataset

Abhishek Rawat and Ajit Kembhavi in collabo-
ration with Francois Hammer and Hector Flores
(PObservatoire de Paris) worked on the problem of
determining the evolution in merger rate of galax-
ies with redshift out to z ~ 1.2. This involved
counting pair of galaxies within a projected dis-
tance < 20kpc. They then estimate the frac-
tion of galaxies that exist in pair in a given red-
shift bin. This pair fraction the can be translated
into a merger fraction using some reasonable as-
sumptions about the probability of a close pairs of
galaxies to merge together. They use a combina-
tion of deep, high angular resolution imaging data
from the HST/ACS GOODS survey and ground
based near-IR K images to derive the evolution of
the galaxy major merger rate in the redshift range
0.2 < z < 1.2. They select galaxies on the sole ba-
sis of their J-band rest-frame, absolute magnitude,
which is a good tracer of the stellar mass. They find
steep evolution with redshift, with the merger rate
o (1 + 2)244%039 for optically selected pairs, and
oc (1 + 2)207+0-7 for pairs selected in the near-IR.
Their result is unlikely affected by luminosity evo-
lution which is relatively modest when using a rest-
frame J band selection. The apparently more rapid
evolution that they find in the visible is caused by
biases affecting the near IR photometry, underesti-
mating pair counts at higher redshifts. The major
merger rate evolves by a factor ~5 from the current
epoch to 1.6 x 1073 Mpc ™2 Gyr ™! at z ~ 1.2, sug-
gesting that 58%x (0.5 Gyr/7) of all galaxies with
M; < —19.5 have undergone a major merger in
the last ~ 8 Gyr (where 7 is the merger timescale).
They also find some evidence for increased star for-
mation due to possible interactions between mem-
bers of a pair.



Photometric Identification of Quasars
from the Sloan Survey

With the onset of several very large area data sets
covering much of the sky to considerable depths,
the photometric database has grown many folds.
The Sloan Digital Sky Survey (SDSS) is one such
all sky survey spanning 8000 deg? of the sky in
the optical regime imaging more than 200 million
galaxies, stars and quasars with its recently com-
pleted first phase (http://www.sdss.org). However,
the spectroscopic data exists for only a tiny frac-
tion of the imaging data leaving a vast scope for an
automated technique of identifying possible candi-
dates belonging to different spectral types. It is
well known that neural networks are powerful tools
for modelling, control, discrimination and auto-
matic classification. Rita Sinha and Ajit Kembhavi
in collaboration with N. S. Philip (of St. Thomas
College, Kerala) and A. Mahabal (of Caltech, USA)
have used point sources from the Sloan data release
5 (DR5) that have been spectroscopically identified
as quasars and different type of stars, to train a
Difference Boosting Neural Network (DBNN) that
looks for differences in the colours of the objects
to classify them. The four independent colours,
u-g, g-r, r-i, i-z, the point spread function ‘asinh’
magnitude 7 and the spectral type of the objects
have been used as the inputs for the network which
returns a predicted spectral type for each object
assigning some confidence value to each prediction.
The quality of the ‘training’ is examined by em-
ploying it to predict the nature of objects with
known spectroscopic identities with the estimation
of completeness and contamination. Fig. 9 shows
the fraction of quasars passed in the u-g—g-r color-
color space on ‘testing’ DBNN on a sample consist-
ing of quasars and different type of stars of known
spectral type. The best trained network is used to
produce a quasar catalogue from the Sloan photo-
metric database. Fig. 10 shows the quasar candi-
dates that have been predicted by DBNN including
the new quasar candidates which are not part of the
SDSS DR5 quasar catalogue. Extensive use of the
Virtual Observatory tools have been made to vali-
date the approach and results wherever required.

AGN, Quasars and IGM

Detecting Cold Gas at Intermediate
Redshifts

Physical conditions in the high redshift protogalax-
ies can be studied by detection the 21-cm absorp-
tion from these systems. However, intervening H 1
21-cm absorption systems at z > 1.0 are very
rare and only 4 confirmed detections have been re-
ported in the literature. Despite their scarcity, they
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provide interesting and unique insights into the
physical conditions in the interstellar medium of
high-z galaxies. Moreover, they can provide inde-
pendent constraints on the variation of fundamen-
tal constants. Recently Srianand and his collab-
orators (Neeraj Gupta, Patrick Petitjean, Pushpa
Khare, D.J. Saikia, D. York) have reported 3 new
detections based on their ongoing Giant Metre-
wave Radio Telescope (GMRT) survey for 21-cm
absorbers at 1.10 < z,ps < 1.45 from candidate
damped Lyman-a systems. The 21-cm lines are
narrow for the z,ps= 1.3710 system towards SDSS
J0108—0037 and z,ps= 1.1726 system toward SDSS
J2358—1020. Based on line full-width at half max-
imum, the kinetic temperatures are < 5200 K and
< 800 K, respectively. The 21-cm absorption pro-
file of the third system, z,,s=1.1908 system to-
wards SDSS J0804+43012, is shallow, broad and
complex, extending up to 100 km s~!. The cen-
troids of the 21-cm lines are found to be shifted
with respect to the corresponding centroids of the
metal lines derived from SDSS spectra. Such shifts
have already been observed in other systems. It is
also known that Hy carrying components in DLAs,
that are believed to trace the CNM gas, often show
similar shifts (although less pronounced) with re-
spect to the strong metal line components. Hs com-
ponents often distinguish themselves with respect
to the rest of the velocity components by the pres-
ence of excited fine-structure lines of C 1 and C 11
and in some cases by large depletion factors. It
would be very important to obtain high resolution
optical spectra of these sources to see if this is also
true in the case of the 21-cm absorption systems.

It is important to obtain independent con-
straints on the time variation of fundamental con-
stants in order to resolve the controversy regard-
ing the variation of the fine structure constant
«. As the energy of the 21-cm transition depends
on the electron-to-proton mass ratio (i), the fine-
structure constant (c) and the proton g-factor (gj),
high resolution optical spectra in conjunction with
high resolution 21-cm spectra can be used to probe
the variation of these constants. However, it is im-
portant first to understand the origin of the rel-
ative shifts that we observe between the redshifts
of the atomic heavy element lines and the 21-cm
absorption. This needs detailed modeling of the
absorption systems taking into account all transi-
tions simultaneously. This is what the group plans
to do in the near future.

Multiwavelength investigation of a
near-solar metallicity sub-DLA

Multiwevelength studies of QSO absorption system
are important to understand the nature of different
indicators of physical conditions in the protogalax-
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ies. Srianand and his collaborators (Neeraj Gupta
& Patrick Petitjean) searched for 21-cm absorp-
tion associated with the z,,s = 1.3647 absorption
system toward PKS 0237-233 using the GMRT. A
high quality UVES spectrum shows that C I and
C T* are detected at this redshift together with C
IT*, Mg I, Mg II, Si II, Al II, Fe II and Mn II
The complex profiles, spread over 300 km/s, are
fitted with 21 Voigt profile components. None of
these components are detected in 21-cm absorp-
tion down to a detection limit of 7(30) <3 x 1073
(or N(HI)/Ts < 107 ¢cm =2 K~!). They derive
log N(HI)<19.30£0.30 using the Lyman alpha ab-
sorption line detected in the IUE spectrum of the
quasar. Mg II, Si IT and Al II column densities
are consistent with near solar metallicity and they
measure [O/H]> —0.33.

Using photoionization models constrained by
the fine-structure excitations of C I and C II, and
the 21-cm optical depth, they show that the C I
absorption arises predominantly either in WIM or
WNM in ionization and thermal equilibrium with
the meta-galactic UV background dominated by
QSOs and star forming galaxies. Photoionization
models for the individual components are consis-
tent with ionization by meta-galactic UV back-
ground. However, inconsistent with very large lo-
cal radiation field as one sees in Hy components
in high-z DLAs. This suggests that the system is,
at the time of observation, in a low star-formation
state. The estimated thermal pressure of the gas is
of the same order of magnitude over different ve-
locity ranges through the absorption profile (2.6<
log [P/k cm ™3 K]< 4.0). The gas-phase metallicity
corrected for ionization is Z>0.5 Zg with a sig-
nature of Fe co-production elements being under
abundant compared to a-process elements by 0.5
dex. At z>1.9, C I absorption is usually associ-
ated with Hy absorption arising from cold gas in
DLAs.It is therefore somewhat surprising to have
found a wide-spread C 1 absorption associated with
the sub-DLA system. This suggests high metallic-
ity. This system and the z=2.139 toward Tol 1037-
270 are the only two systems known which show
that C I absorption can also be detected in warm
gas provided the metallicity is high enough. In-
terestingly, both the systems are part of unusual
concentrations of absorption lines.

GMRT observations give a good constraint
on N(H 1)/T; if one assumes complete coverage.
However the background source show structures at
milli-arcsec scale with a separation between the two
brightest components of 85 pc at the absorption
redshift. It is unclear which of these two compo-
nents coincides with the optical point source. If
the brightest component that has most of the flux
in the redshifted 21 cm range coincides with the
optical source then we would have detected 21 cm
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absorption if the C 1 gas originates from the CNM.
The non-detection would be a definite argument for
the gas being warm. However, if the weaker radio
component coincides with the optical source, then
even if the C I absorption originates from CNM
gas our GMRT observations would not be able to
detect the corresponding 21 cm absorption as the
expected size of the cloud is smaller than the radio
source separation. It is known that strong Mg 11
systems (with W, >0.3A) show coherent absorp-
tion over more than ~ 2 kpc (Petitjean et al. 2000,
Ellison et al. 2004). The fact that we find 20 dis-
tinct components along the line of sight to the op-
tical point source means that it is likely that the
overall system covers both sources. In that case
GMRT observations are consistent with no CNM
with log N(H 1)> 19 along the radio source as well.
Thus, it seems most likely that the region probed
by the Mg 11 absorption system at zzps= 1.365
is composed mostly of a warm neutral medium
and/or warm ionized medium.

Out of the 50 Mg 11 systems studied in the
ESO large programme 'The Cosmic Evolution of
the IGM’, only two systems show C I absorption (i.e
Zabs= 1.365 and 1.6724 towards PKS 0237—233).
The inferred N(H 1), metallicity, and depletion
pattern at z,ps= 1.365 toward PKS 0237—233 are
similar to what is observed at z,ps= 2.139 toward
Tol 1037—2703. The latter system also shows de-
tectable C 1* and C 11* absorption lines spread over
~ 70 km s~'and distributed in two distinct velocity
components without detectable Hy absorption. In-
terestingly the only other system that shows C 1 ab-
sorption in the large programme data is also found
towards PKS 0237—2703. This line of sight is fa-
mous for the presence of a super-cluster of C 1v
absorption lines. Thus, this study provides yet
another motivation to go for further deep imag-
ing and follow-up spectroscopic observations of the
field. The article is published in MNRAS (Ref: Sri-
anand, Gupta, Petitjean, 2007, MNRAS, 375, 584)

Hot halos around high redshift proto-
galaxies

In another work Srianand and his collaborators
(Andrew Fox, Patrick Petitjean, Cedric Ledoux)
have presented a study of the highly ionized gas
(plasma) associated with damped Lyman-« (DLA)
systems at z = 2.1-3.1. they searched for O VI ab-
sorption and corresponding Si IV, C IV, and N V in
a Very Large Telescope/Ultraviolet-Visible Echelle
Spectrograph (VLT /UVES) sample of 35 DLA sys-
tems with data covering O VI at S/N >10. They
then used the optical depth profile comparisons and
ionization modelling to investigate the properties,
phase structure, and origin of the plasma.We re-
ported twelve DLAs (nine intervening and three at



<5000 km s~! from the QSO redshift) with detec-
tions of O VI absorption. There are no clear O VI
non-detections, so the incidence of O VI in DLAs
is between 34% (12/35) and 100%. Among these
12 DLAs, C IV and Si IV are seen whenever data
is available, and N V is detected in 3 cases. Analy-
sis of the line widths together with photoionization
modelling suggests that two phases of DLA plasma
exist: a hot, collisionally ionized phase (seen in
broad O VI components), and a warm, photoion-
ized phase (seen just in narrow C IV and Si IV
components). The presence of inflows and/or out-
flows is indicated by individual O VI and C IV
components displaced from the neutral gas (either
blueshifted or redshifted) by up to 400 km s~!.
They have found a tentative evidence (98% con-
fidence) for correlations between the DLA metal-
licity (measured in the neutral gas) and high-ion
column density, and between the DLA metallicity
and high-ion line width, as would be expected if
supernova-driven galactic outflows rather than ac-
cretion produced the high ions. Using conserva-
tive ionization corrections, we found lower limits
to the total hydrogen column densities in the hot
(O VI-bearing) and warm (C IV-bearing) phases
in the range log N9t >19.5 to >21.1, and log
NWarm > 19.4 to >20.9. On average, the hot and
warm phases thus contain > 40% and > 20% of
the baryonic mass of the neutral phase in DLAs,
respectively.

Metallicity as a criterion to select Hs-
bearing damped Lyman-a systems

In this work Srianand and his collaborators (Pe-
titjean, Noterdaeme & Ledoux) have character-
ized the importance of metallicity on the presence
of molecular hydrogen in damped Lyman-alpha
(DLA) systems. They construct a representa-
tive sample of 18 DLA /sub-DLA systems with log
N(HI)>19.5 at high redshift (z>1.8) with metal-
licities relative to solar [X/H]> —1.3 (with[X/H]=
log (N(X)/N(H))-log(X/H) solar and X either Zn,
S or Si). They gathered the data covering the ex-
pected wavelength range of redshifted Hy absorp-
tion lines on all systems in the sample from ei-
ther the literature (10 DLAs), the UVES-archive
or new VLT-UVES observations for four of them.
The sample is large enough to discuss for the first
time the importance of metallicity as a criterion
for the presence of molecular hydrogen in the neu-
tral phase at high-z. From the new observations,
they report two new detections of molecular hydro-
gen in the systems at z=2.431 toward Q23434125
and z=2.426 toward Q2348-011. They compare the
H> detection fraction in the high-metallicity sam-
ple with the detection fraction in the overall sam-
ple from Ledoux et al. (2003). They have shown
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that the fraction of DLA systems with log f=log
2N(H2)/(2N(H2)+N(HI))> —4 is as large as 50%
for [X/H]> —0.7 when it is only about 5% for
[X/H]< —1.3 and about 15% in the overall sam-
ple (with —2.5 <[X/H]< —0.3) (see Fig. 11). This
demonstrates that the presence of molecular hy-
drogen at high redshift is strongly correlated with
metallicity.

Velocity-metallicity correlation for
high-z DLA galaxies: Evidence of a
mass-metallicity relation?

If the DLASs trace starforming regions one expect to
see the signatures of mass metallicity relation seen
in galaxies. Srianand & his collaborators have used
their large database of VLT-UVES quasar spec-
tra to build up a sample of 70 Damped Lyman-«
(DLA) or strong sub-DLA systems with total neu-
tral hydrogen column densities of log N(H 1)>20
and redshifts in the range 1.7< zgs <4.3. For
each of the systems, they measured the metallic-
ities relative to solar in an homogeneous manner,
[X/H] (with X=Zn, or S or Si), and the veloc-
ity widths of low-ionization line profiles, AV. For
the first time, they have provided evidence for a
correlation between DLA metallicity and line pro-
file velocity width, which is detected at the 6.1c
significance level. This confirms the trend previ-
ously observed in a much smaller sample by Wolfe
& Prochaska (1998). The best-fit linear relation
is [X/H]=1.55(% 0.12)logAV -4.33 (+ 0.23), with
AV expressed in km s~'. The slope of the DLA
velocity-metallicity relation is the same within un-
certainties between the higher (z45s >2.43) and the
lower (zaps < 2.43) redshift halves of their sam-
ple. However, the two populations of systems are
statistically different. There is a strong redshift
evolution in the sense that the median metallicity
and median velocity width increase with decreas-
ing redshift. We argue that the existence of a DLA
velocity-metallicity correlation, over more than a
factor of 100 spread in metallicity, is probably the
consequence of an underlying mass-metallicity re-
lation for the galaxies responsible for DLA absorp-
tion lines. Assuming a simple linear scaling of
the galaxy luminosity with the mass of the dark-
matter halo, they find that the slope of the DLA
velocity-metallicity relation is consistent with that
of the luminosity-metallicity relation derived for lo-
cal galaxies. If the galaxy dynamical mass is indeed
the dominant factor setting up the observed DLA
velocity-metallicity correlation, then the DLA sys-
tems exhibiting the lowest metallicities among the
DLA population should, on average, be associated
with galaxies of lower masses (e.g., gas-rich dwarf
galaxies). In turn, these galaxies should have the
lowest luminosities among the DLA galaxy popula-
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median of the high-metallicity sample ([X/H] = —0.7).

tion. This could explain the difficulties of detecting
high-redshift DLA galaxies in emission. The results
are published in A&A.

Warm Absorbers in AGN

Warm Absorbers are highly photoionized gas found
along our line of sight to the continuum source
of active galactic nuclei (AGN). Their signatures
are a wealth of absorption lines and edges from
highly ionized species, notably OVII, OVIII, CV,
FeXVII, NeX, in the soft X-ray (0.3-1.5 keV) spec-
tra. The typical column density observed for the
gas is Ny ~ 10?**'e¢m~2 and the temperature
T is typically estimated to be a few times 10° K.
Susmita Chakravorty and Ajit Kembhavi with col-
laborators Martin Elvis (CFA, Harvard Univer-
sity, USA) and Gary Ferland (Kentucky University,
USA) are working on two parallel issues regarding
warm absorbers.

Effect of Dielectronic Recombination Coeffi-
cient on the calculations for warm absorbers
and other similar plasma

Any stable photoionized gas will lie on the thermal
equilibrium curve or ‘stability’ curve, in the the
temperature - pressure phase space, where heat-
ing balances cooling. The equilibrium depends on
the shape of ionizing continuum and the chemical
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abundance of the gas which can be used as param-
eters in generating the curves using photoioniza-
tion codes like CLOUDY. Fig. 12 shows such sta-
bility curves generated by an older (1993-96) ver-
sion C84 and a more modern (2006) version C06 of
CLOUDY for the same set of physical parameters,
viz. an optically thin, gas of Solar metallicity and
with constant density 10° cm ™3, being ionized by a
power-law continuum with photon index I' = 1.8,
extending from 13.6eV to 40keV. ¢ = L/nR? is
the ionization parameter, where L is the luminos-
ity of the central engine of the AGN, n the den-
sity of the absorbing gas and R its distance from
the central source. £/T is proportional to the ra-
tio of the radiation pressure to the gas pressure;
so an isobaric perturbation of a system in equi-
librium is represented by a vertical displacement
from the curve, and only changes the temperature.
If the system being perturbed is located on a part
of the curve with positive slope, which covers most
of the curve, then a perturbation corresponding to
an increase in temperature leads to cooling, while
a decrease in temperature leads to heating of the
gas. Such a gas is therefore thermally stable. But
if the system is located on one of the few parts of
the curve with negative slope, then it is thermally
unstable because isobaric perturbations will lead to
runaway heating or cooling.

From the stability curves it was found that the
results are significantly different in the tempera-
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Figure 12: Stability curves derived using different version C84 and C06 of CLOUDY

ture range 10*® <T <1072 K, which is the region
of interest for the warm absorbers. C84 predicts
three discrete phases coexisting at the same pres-
sure, whereas C06 shows only two phases. Most
interestingly, C84 predicts the warm absorber to
be in pressure equilibrium with a 10*K gas and
may imply some connection between X-ray and UV
absorption systems as have been observed in some
objects. However, no such possibility is exhibited
in version C06.

In order to isolate the atomic physics un-
derlying the change in the stability curve, the
fractional variation of temperature AT/Tcos =
(Tesa — Teos)/Tcoos, from one version to another
is plotted against log¢ in top left panel of Figure
13. The ions which are the major cooling agents
for the absorbing gas are indicated in the middle
left panel. Similarly, the principle heating agents
are shown in the lower left panel. To identify the
ions which are responsible for AT /Tcos 2, 80%, the
column densities of all these ions are compared for
both the versions in the right panel of Figure 13
where C84 is dotted lines and C06 is solid. Max-
imum variation in column densities, up to even a
factor of 10, are shown by the major cooling agents
like He+1, high ionization species of silicon (410,
+11 and +12) and iron (+21, +22 and +23). These
are among the ions for which dielectronic recombi-
nation rate coefficients have been updated over the
last decade. Hence, it was shown that the enhanced
cooling in C06 due to the change in drrc is the
cause of the shift in the stability curves and hence
the differences in the physical predictions for warm
absorbers. This puts constraints on the reliability
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of earlier results, and also cautions about the like-
lihood of further changes in the future due to such
changes in the underlying atomic physics database
which play a major role in calculating the values
for the crucial physical parameters.

Study of nature of warm absorber as a func-
tion of the irradiating ionizing continuum
and the abundance of the absorbing gas

Various authors have considered the possibility of
the warm absorber being a two or three phase
medium. The nature of the WA and its ther-
mal stability are most significantly affected by the
shape of the ionizing continuum emitted by the cen-
tral source of the active galactic nucleus and the
chemical composition of the absorber.

The soft X-ray part of the observed spectra
for AGN are usually modeled as a simple powerlaw.
Another observational constraint from observations
comes from 1.0 < apx < 2.0 where apx is a mea-
sure of the relative flux at 25004 and 2keV. Taking
all these observational constraints into account, the
SED of the ionizing continuum for the WA is as-
sumed to be a combination of two powerlaws.
is the flatter spectral index responsible for the flux
index in the soft X-ray and the steeper component
with index as = 2.0 is added to get the value of
apx in the observed range by adjusting some nor-
malisation factor 7. For most quasars, the soft X-
ray spectral index lies in the range 1.7 < a3 < 1.9.
From the stability curves generated, it is found that
AGN having flat soft X-ray spectra with a3 < 0.4
are not likely to have WAs. Multiphase nature of
the gas can only be seen for AGN spectra with in-
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Figure 13: Left panel : The ions which are the principal cooling and heating agents are indicated along as a
function in the same log ¢ range where AT # 0. Right panel : The column densities for the principal cooling
and heating agents are compared from version C84 to C06

termediate slopes 0.4 Say $0.9, if the gas has Solar Magnetic Fields in Astro-
metallicity. If the chemical composition is altered, .

then the multiphase behaviour of the gas changes phySICS
very significantly. Similar trends are shown by the

EUV to soft X-ray slope aox. Galactic dynamos supported by mag-

netic helicity fluxes

The major controversy in mean-field dynamo the-
ory is related to its nonlinear form relevant when
the initial exponential growth of the large-scale
magnetic field saturates and the field reaches sta-
tistical equilibrium. The core of the problem is the
effect of the small-scale (turbulent) magnetic field

Similar analysis done for the chemical compo-
sition of the absorbing gas shows that as the metal-
licity of the absorber is decreased from super-Solar
to Solar to sub-Solar, the stability curve flattens
gradually. The possibility of finding multiphase
warm absorber decreases with decrease in metal-
licity. It also decreases if the absorbing medium on the evolution of the large-scale (mean) magnetic
is deficient in some elements. It is interesting to field. In particular, the a-effect (a key ingredient of
note that if a WA lacks iron, but has all the other the mean-field dynamo) could be catastrophically
elements with Solar abundance, it will mimic the quenched well before the large-scale magnetic field
stability properties as an absorber with half-Solar can be amplified to the strength observed in astro-
abundance! The X-ray group of elements (oxygen, physical objects. The suppression of the a-effect
carbon, neon and iron) are the most influential in has been now shown to be a a consequence of the
making multiple phases possible. A stable solution conservation of magnetic helicity in a medium of
for the WA is present for all non-zero metallici- high electric conductivity. The losses of the small-

ties we have considered; only the nature of the WA scale magnetic helicity through the boundaries of
the dynamo region can alleviate such quenching

varies with the change in its chemical composition.
and so be essential for mean-field dynamo action.

However, a primordial gas of hydrogen and helium
gas has no stable thermal states corresponding to A simple semi-analytical model of nonlinear,
warm absorber temperatures. mean-field galactic dynamos was developed and
used by S. Sur, K. Subramanian and A.Shukorov to
study the effects of various magnetic helicity fluxes.

To complete this work, a quantitative compar- The dynamo equations are reduced using the ‘no-
ison on the multiphase nature of the WAs as a func- 2z’ approximation to a nonlinear system of ordi-
tion of the various parameters discussed above, is nary differential equations in time. The model re-
being attempted. produces accurately earlier results, including those

where nonlinear behavior is driven by a magnetic
helicity flux. The implications and interplay of two
types of magnetic helicity flux, one produced by ad-
vection (e.g., due to the galactic fountain or wind)
and the other, arising from anisotropy of turbulence
as suggested by Vishniac and Cho, were analyzed.
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The latter is shown to be significant if the galactic
differential rotation is strong enough. The intensity
of gas outflow from the galactic disc optimal for the
dynamo action is close to that expected for normal
spiral galaxies. The steady-state strength of the
large-scale magnetic field supported by the helicity
advection is still weaker than that corresponding
to equipartition with the turbulent energy. How-
ever, the Vishniac-Cho helicity flux can boost mag-
netic field further to achieve energy equipartition
with turbulence. For stronger outflows that may
occur in starburst galaxies, the Vishniac-Cho flux
can be essential for the dynamo action. However,
this mechanism requires a large-scale magnetic field
of at least ~ 11 G to be launched, so that it has to
be preceded by a conventional dynamo assisted by
the advection of magnetic helicity by the fountain
or wind.

Kinetic and magnetic alpha effects in
nonlinear dynamo theory

In the kinematic regime, the a-effect, a crucial
driver of the mean field dynamo (MFD), depends
only on the helical properties of the turbulence. It
is crucial to understand how the a-effect gets modi-
fied due to the back reaction of the generated mean
and fluctuating fields. Using closure schemes or the
quasi-linear approximation it has been argued that,
due to Lorentz forces, the a-effect gets “renormal-
ized” by the addition of a term proportional to the
current helicity of the generated small scale mag-
netic fields. However, it has been argued by others
that, even the nonlinear a-effect can be expressed
exclusively in terms of the velocity field, albeit one
which is a solution of the full momentum equation
including the Lorentz force. In the latter case, it
is not obvious that the helicity of the small scale
magnetic field plays any explicit role in the back
reaction to «. It is important to clarify this is-
sue, as it will decide how one should understand
the saturation of turbulent dynamos, as well as the
possibility of catastrophic quenching of the a-effect
and ways to alleviate such quenching.

In order to clarify these conflicting views, S.
Sur, K. Subramanian and A. Brandenberg exam-
ined an exactly solvable model of the nonlinear
back reaction to the a-effect, where they assume
small magnetic and fluid Reynolds numbers. In
this limit one can use the first order smoothing
approximation (FOSA) to solve both the induc-
tion and momentum equations and hence exactly
solve for the a-effect. Obviously, this approach
does not allow them to address the question of
catastrophic quenching of astrophysical dynamos,
at large Reynolds numbers directly, but it allows
them to make novel and unambiguous statements
that help clarifying the nature of magnetic satura-
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tion.

Both steady and time dependent forcings were
considered. The nonlinear a-effect is then shown to
be expressible in several equivalent forms in agree-
ment with formalisms that are used in various clo-
sure schemes. On the one hand, one can express «
completely in terms of the helical properties of the
velocity field as in traditional FOSA, or, alterna-
tively, as the sum of two terms, a so-called kinetic
a~effect and an oppositely signed term proportional
to the helical part of the small scale magnetic field.
These results hold for both steady and time de-
pendent forcing at arbitrary strength of the mean
field.

In addition, the a-effect is computed in a man-
ner akin to a recently introduced closure, called the
T-approximation. One gets in this method interest-
ing differences between the steady and time depen-
dent forcing. For steady forcing, the correlation
between the forcing function and the small-scale
magnetic field turns out to contribute in a crucial
manner to determine the net a-effect. However for
delta-correlated time-dependent forcing, this force—
field correlation vanishes, enabling one to write
« exactly as the sum of kinetic and magnetic a-
effects, similar to what one obtains also in the large
Reynolds number regime in the 7-approximation
closure hypothesis.

In the limit of strong imposed fields, By, they
find o x By 2 for delta-correlated forcing, in con-
trast to the well-known a o« B 3 behavior for the
case of a steady forcing. The analysis is also shown
to be in agreement with numerical simulations of
steady as well as random helical flows. On the
whole, this work demonstrates, using an exactly
solvable model, that the effect of Lorentz forces can
indeed be thought of as renormalizing the a-effect
by the addition of a term proportional to the cur-
rent helicity of the generated small scale magnetic
field.

Simulations of the anisotropic kinetic
and magnetic alpha effects

Using simulations of isotropically forced helical
turbulence K. Subramanian and A. Brandenberg
have computed the contributions to kinetic and
magnetic alpha effects were computed. It was
shown that for the parameter regimes considered
in an earlier work the expressions for isotropic and
anisotropic alpha effects give quantitatively similar
results. Both kinetic and magnetic alpha effects
are proportional to a relaxation time whose value,
in units of the turnover time, is shown to be ap-
proximately unity and independent of the magnetic
Reynolds number.
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Figure 14: Scatter plot of classification accuracy of the 229 TUE spectra using 286 simulated TAUVEX spectra of
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Figure 15: Recalibration of some of the CFLIB spectra with MILES interpolator. The black spectra are the original
CFLIB spectra and the ones in red color are after the recalibration process.
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Figure 16: Viz color composites of the Lyman-Break Galaxies (LBGs) at 2.5 < z < 3.1 from the Hubble Space
Telescope/ ACS images obtained by the GOODS treasury project. The LBGs were selected as U-dropouts using
combination of the HST/ACS images and deep, ground-based U-band imaging.

High Energy Astrophysics

Ultra-luminous X-ray (ULX) sources

Ultra-luminous X-ray (ULX) sources are X-ray
points sources in nearby galaxies, which are ex-
tremely bright (> 103% ergs/sec) and hence are
expected to harbor intermediary size black holes
(102 — 10*Mg). A. Senorita, R. Misra, V. K.
Agrawal and Y. P. Singh have undertaken a sys-
tematic spectral study of these sources. Apart from
studying the effect different spectral models on the
analysis, their goal was to identify truly extremely
luminous sources (> 10%0 ergs/sec) which must
necessarily harbor these anomalous black holes.
Out of the 365 sources from thirty galaxies they
analyzed, they found four excellent candidates for
such sources. Follow up and more detailed anal-
ysis can now be undertaken on these sources. F.
Yuan, R. E. Taam, R. Misra, X. B. Wu and Y.
Xue, studied the the spectrum of a bright ULX
in the galaxy M82, and compared it with the ex-
pected emission from a Advection dominated accre-
tion flow (ADAF) around a intermediate size black
hole. They found that the model is consistent with
the data and hence provided evidence for the exis-
tence of such black holes.
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Black hole binaries

The spectra of black hole binaries is a result
of complicated processes involving pair produc-
tion/annihilation and Inverse Comptonization. S.
Bhattacharyya and R. Misra are continuing their
study of these processes and in particular are ad-
dressing the issue of computing the effect of Inverse
Comptonization between high energy photons and
low energy (thermal) electrons. In this regime, the
range of change in energy of the photon is very
large and hence difficult to numerically implement.
They are testing a hybrid scheme where a diffusion
equation and an Intergo-differential one is used to
describe the phenomenon.

Gamma Ray Bursts

Although it has now been well established that
Gamma-Ray Bursts (GRB) are of cosmological ori-
gin, their nature and source still remains a mys-
tery. The detection of supernova light curve in the
afterglows of long duration nearby GRB has in-
dicated that a fraction of the GRB occur during
the the collapse of a massive star. Other mecha-
nism that could produce GRB are the merger of
compact objects like a pair of neutron stars or a
neutron star with a black hole. Thus GRB may
be an heterogeneous group and a proper classifi-



cation of the phenomena is crucial to isolate and
identify the possible different sources. Such a clas-
sification will also enable the identification of spec-
tral or temporal correlations which may exist only
for a particular class of GRB. T. Chattopadhyay,
R. Misra, A. K. Chattopadhyay and M. Naskar
have applied two different multivariate clustering
techniques, the K-means partitioning method and
the Dirichlet process of mixture modeling, to the
BATSE Gamma-ray burst (GRB) catalog, to ob-
tain the optimum number of coherent groups. In
the standard paradigm, GRB are classified in only
two groups, the long and short bursts. However, for
both the clustering techniques, the optimal num-
ber of classes was found to be three, a result which
is consistent with previous statistical analysis. It
is speculated that the three kinds of GRB reflect
three different origins which may be mergers of neu-
tron star systems, white dwarf with neutron stars
and collapse of massive stars.

Black hole motion as a catalyst of or-
bital resonances

Black hole dynamics in galactic nuclei has attracted
attention for many years. The advent of high-
resolution spectroscopic cameras in the 1990’s, such
as the STIS on-board the HST', has led to the iden-
tification of a pletora of supermassive black hole
(BH) candidates in nearby galaxies. The influ-
ence of a black hole on its surrounding stars is
felt first through the large velocity dispersion and
rapid orbital motion of the inner-most cluster stars
(0 ~ vig ~ 103 km/s). This sets a scale GMyp, /o>
(=~ 0.015 — 0.019 pc for the Milky Way, henceforth
MW) within which high-angle scattering or stellar
stripping and disruption may take place. For the
MW, low-impact parameter star-BH encounters are
likely, given the high density of p ~ 107Mg /pc?
within a radius of about 10 pc. Star-BH scatter-
ing, occurring over a relaxation time, leads to the
formation of a Bahcall-Wolf stellar cusp of density
px ~ 17 where v falls in the range 3/2 to 7/4.
Gengzel et al. (2003) modeled the kinematics of the
inner few parsecs of Sgr Ax with a mass profile
p. ~ r~ 14 suggestive of a strong interplay be-
tween the black hole and the central stellar cusp.
More recently, Schodel et al. (2007) presented a
double power-law fit to the data, where the power
index changes from 1/2 to 7/4 around a breaking
radius of 7. ~ 0.2 pc. This is indicative of on-
going evolution inside 7y, not accounted for in the
Bahcall-Wolf solution.

Most, if not all, studies of galactic nuclei dy-
namics assume a fixed black hole (or black hole bi-
nary) at the centre of coordinates. Padmanabhan
(in collaboration with C.Boily and A. Paiement)
has recently studied the effects of relaxing this as-
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sumption. They find that, under certain circum-
stances, a moving black hole can act as a catalyst
transferring the energy between the stars. In do-
ing this, they aim to fill an apparent gap in the
modeling of black hole dynamics in dense nuclei,
by relaxing further the constraint that the hole be
held fixed at the centre of coordinates.

The motion of a black hole about the cen-
tre of gravity of its host galaxy induces a strong
response from the surrounding stellar population.
They treat the case of a harmonic potential ana-
lytically and show that half of the stars on circular
orbits in that potential shift to an orbit of lower en-
ergy, while the other half receive a positive boost
and recede to a larger radius. The black hole itself
remains on an orbit of fixed amplitude and merely
acts as a catalyst for the evolution of the stellar
energy distribution function f(E). Padmanabhan
and collaborators further show that this effect is
operative out to a radius of = 3 to 4 times the
hole’s influence radius, Rpp. Using numerical in-
tegration to explore more fully the response of a
stellar distribution to black hole motion, they con-
sider orbits in a logarithmic potential and compare
the response of stars on circular orbits, to the situ-
ation of a ‘warm’ and ‘hot’ (isotropic) stellar veloc-
ity field. While features seen in density maps are
now wiped out, the kinematic signature of black
hole motion still imprints the stellar line-of-sight
mean velocity to a magnitude ~ 18% the local root
mean-square velocity dispersion o. These effects
have potentially observable consequences.

Stars and Interstellar Medium

Galaxy and interstellar medium

Under an ISRO-RESPOND project for Spectral
Classification of stars from the database of TAU-
VEX satellite, Archana Bora, Ranjan Gupta and
H.P. Singh have successfully developed an Artifi-
cial Neural Network based code for spectral classi-
fication of the TAUVEX UV band data. Fig. 14
shows the scatter plot of this classification where
an accuracy of approximately 3 sub-spectral class
has been obtained by training simulated TAUVEX
band flux data testing on equivalent IUE data.

Stellar physics

Under an INDO-FRENCH collaborative pro-
gramme, Phillipe Prugniel, Ranjan Gupta, H.P.
Singh and S. Jotin Singh have performed the flux
recalibration of the INDO-US CFLIB spectral li-
brary by using ELODIE spectral interpolator. A
typical flux recalibration is shown in Fig. 15



Instrumentation

FIFUI - Fibre-based integral field unit
for IFOSC

M. Srivastava and A. N. Ramaprakash have
been working on designing a Fibre-based Integral
Field Unit for ITUCAA Faint Object Spectrograph
Camera (IFOSC), the main instrument which is
mounted on the direct Cassegrain port of [UCAA
telescope. It is based on the idea of connecting an
area at the focal plane of the telescope with the slit
of the spectrograph using a fibre bundle with some
coupling optics. In this way spectra of the entire
surface of an extended object can be taken in one
go. Each individual spectrum appears well sepa-
rated on the detector; therefore, spatial informa-
tion and spectral information are collected simul-
taneously. The proposed IFU would be optimized
for visible spectrum and would consist of 100 fi-
bres. The field of view of this IFU would be 14 arc
sec X 7 arc sec with three modes of sky sampling
i.e 1 arc sec per fibre, 0.8 arc sec per fibre and 1.2
arc sec per fibre. The optical design of the IFU is
presented here.

The IFU is made up of three sections: (1) Fore
Optics, (2) Lenslets + Fiber Unit and (3) the Out-
put Optics. The primary job of the fore-Optics
is to provide the necessary magnification to feed
an array of lenslet coupled fibres with the correct
spatial sampling. It has to produce a telecentric
output so that maximum light coupling would be
achieved between the lenslets and the fibres. The
designed fore Optics consists of an achromatic dou-
blet lens (made up of PFK85 and KF5 glasses from
Sumita Optical Glasses, Japan) and a single field
lens (made up of PFK85 glass from Sumita Op-
tical Glasses, Japan). Depending on the mode of
sampling, three different achromatic doublet lenses
having different focal lengths would be used to pro-
vide magnification of 20.6 (for 1 arc sec per fibre),
25.75 (for 0.8 arc sec per fibre), and 17.17 (for 1.2
arc sec per fibre), while the singlet lens has the
same focal length in all the three cases. The Op-
tical layout of the fore-Optics and the correspond-
ing spot diagram are shown in Fig.17 and Fig.18
respectively, corresponding to the magnification of
20.6.

The lenslet+fibre unit is used to sample the
magnified image and to transport the light from
the magnified image plane to the spectrograph.
The lenslets (hexagonal in shape) form a contin-
uous 2-Dimensional surface and an Optical Fibre
would be attached behind each lenslet. The Plano-
convex lenslets are designed with PFKS85 glass
(from Sumita Optical Glasses, Japan) having di-
ameter of 2.1mm . These lenslets would feed light
into the Optical fibres (having core diameter 70 mi-
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cron) with the f/4 beam. This focal ratio and core
diameter are chosen to minimize the Focal ratio
degradation (FRD) effects in the optical fibres and
to maximize the light coupling efficiency between
lenslet and fibre.

Finally, at the output, the fibres would be
aligned along an one dimensional slit and an Out-
put Optics is used to couple this fibre slit to the
Spectrograph. Considering that the fibre slit would
provide f/4 beam at its output and the spectro-
graph (IFOSC) is designed to accept f/10 beam,
this output optics is designed to provide magni-
fication of 2.5 in the telecentric way. The Output
optics consist of two singlet lenses (made up of BK7
glass from Sumita Optical Glasses, Japan) and an
achromatic doublet lens (made up of PFK85 and
KF5 glasses from Sumita Optical Glasses, Japan).
The Optical layout of the Output Optics and the
corresponding spot diagram are shown in Fig.19
and Fig.20 respectively.

Mirror coating plant for [TUCA A Tele-
scope:

A mirror coating plant based on the magnetron
sputtering technique has been fabricated at HHV,
Bangalore and is in the process of commissioning
at the JTUCAA Giravali telescope site by Ranjan
Gupta, A.N. Ramaprakash, H. K. Das, M.P. Burse
and A. Kohok.

Detectors with high spatial resolution
for Ultra Violet Imaging Telescope
(UVIT)

Ultra Violet Imaging Telescope (UVIT) is one of
the 5 instruments to go on the first Indian astron-
omy satellite ASTROSAT, which is expected to be
launched in year 2008. UVIT makes images in a
field of 0.5 degree with a resolution of < 1.8,
simultaneously in three channels: 1200 - 1800 A,
1800 - 3000 A, and 3500 - 5500 A.

Spatial resolution of < 1.8” is one of the most
important features of UVIT — this can be com-
pared with a spatial resolution of 5”7 for Galex.
To achieve this a programme of development of
intensified-imaging-detectors was undertaken, and
a contract was awarded to Photek Ltd., UK. The
detectors made at Photek have now been tested for
their resolution in near ultraviolet. The results are
shown in Fig. 21. It is seen that a gap of 0.12
mm, between photo-cathode and MCPs, can give
an image size of 20 microns at 180 nm; 20 microns
corresponds to 0.8” for UVIT. This result has been
obtained with a detector for visible range, and it is
expected that a detector for near ultraviolet would
give a better resolution, as these detectors have a
cut-off at 300 nm and hence the photo-electrons
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Figure 21: The dependence of spatial resolution of a detector is shown, for three values of the gap between photo-
cathode and MCPs, as a function of wavelength, (from a report by Photek Ltd. UK)

would have a lower energy. The cut-off for far ultra-
violet detectors is 180 nm, and the photo-electrons
for 130 nm in this detector would have the same
energy as those for 180 nm in the visible detector.
The tests on bending of MCPs showed that a gap of
0.1 mm between photo-cathode and MCPs is large
enough to ensure safety against vibration/shock of
the launch, and thus the gap can be kept as small
as 0.1 mm to get a good spatial resolution. Thus,
it is expected that contribution of the ultraviolet
detectors to the resolution would be < 17, in the
overall resolution of 1.8”.

Search for micro-organisms in
outer space

In collaboration with the National Centre for Cell
Sciences (Yogesh Shouche), Centre for Cellular
and Molecular Biology (Shivaji),Tata Institute of
Fundamental Research (R. Manchanda) and ISRO
(C.B.S. Dutt), J.V. Narlikar has been involved as
Principal Investigator of a project to sample air at
varying heights up to 41 km, using a cryosampler
attached to a balloon. The air samples are being
analysed at NCCS and CCMB and the results are
expected later in 2007. U.R. Rao (ISRO) and P.M.
Bhargava (Anveshna) are advisors to this investi-
gation.
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(II) RESEARCH BY VISIT-
ING ASSOCIATES

Archaeoastronomy

Igbal, Naseer

A collaborative group comprising of M. N. Vahia
of TIFR (Mumbai) along with Naseer Igbal and
others from Department of Physics, University of
Kashmir, Srinagar have analyzed a rock carving
found in Sopore(Kashmir) first reported by Ban-
day(2003) and described by Yatoo(2005). The
question is when did humans begin astronomical
observations and the answer can be given by study-
ing the Architecture of ancient monuments, simu-
lations of ancient astronomical observatories and
situations, study of stone carvings, cave paintings,
temple and city architecture, computer simulation
of evolution of cultures and carbon dating. This
part of the observational astronomy is called ar-
chaeoastronomy. The group has recently identi-
fied one Paleolithic rock carving and comparison
with the geographical features of the region show
how several components of it agree with the lo-
cal geophysical morphology. An interpretation of
the carving based on comet showers and astron-
omy seems a very likely one. Some tests are to be
conducted to check this interpretation.

Accretion Disks

Chaudhuri, Sarbeswar

Studies on accretion disks have gained much im-
portance in relativistic astrophysics. The problem
becomes more interesting when the disk properties
are analyzed with a mass (such as a black hole) at
its centre. The black hole due to its intense gravi-
tational field attracts matter from its surroundings.
The attracted matters owing to its angular momen-
tum drift towards the black hole in a spiral path.
The material particles are highly compressed and
form an accretion disk around the black hole.

S Chaudhuri is now engaged in studying the
behavior of various types of accretion disks around
black holes. Disks are classified in to two cate-
gories: thin disk and thick disk. For thin disk, the
mass of the disk is assumed to be negligible in com-
parison with the mass of the black hole while for
thick disk, the disk mass has to be taken into con-
sideration. Although the solution of a rotating disk
around a stationary black hole represents the real
physical situation, the complexity of the problem
does not always allow to construct physically ac-
ceptable solutions by analytical methods. In order
to make the calculations simple, both the disk and
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the black hole are assumed to be static. A static
disk is interpreted in the literature as the rotation
and counter rotation of equal number of particles
so that the total angular momentum of the system
is zero.

A number of solutions with different disk po-
tentials have been derived. The energy density,
pressure and the stability of the disk with or with-
out a black hole at the centre are investigated. It is
observed from the analysis that for a Kuzmin disk
around a Schwarzschild black hole, as r — oo,
both the energy density and pressure of the disk -
black hole combination becomes zero. At r = 0, the
energy density becomes zero whereas the pressure
does not vanish there. This signifies that the pres-
ence of the black hole tends to stabilize the disk.
When r is large but finite, the energy density of the
disk varies with the inverse cube power of r and the
pressure varies inversely with r. The disk particles
acquire superluminal velocities inside the photonic
orbit (i.e. r < 3m).

Compact Objects, X-ray Bina-
ries and Globular Clusters

Chattopadhyay, Tanuka and Asis

Characterizing the shape and evolution of pulsar
radio emission beams is important for understand-
ing the observed emission. The various attempts by
earlier workers investigating beam shapes have re-
sulted in widely different conclusions. Let « be the
angle between rotation axis and magnetic axis of
the pulsar and 3 be that between magnetic axis and
line of sight then a rotating vector model (RVM)
is more or less appropriate for explaining the rela-
tionship between the observed position angle (¥)
and longitude (®) of any pulsar provided it is as-
sumed all the pulsars have the same emission mech-
anism. So RVM model can be used as a tool to
determine «, 8 by fitting curves to observed ¥ and
® data. Different authors have fitted two curves
to two branches of (¥, ®) data and have taken the
mean profile to define a unique curve for each pul-
sar. This method has various discrepancies as the
data suffer from missing values as well as using av-
erage profiles for the actual curve. So it will be bet-
ter if a nonlinear regression model for curve fitting
can be applied successfully to a multiple branch
data for estimating the values of «;, 5 through RVM.
Such a model is in the stage of preparation and then
a classification scheme will be applied for the clas-
sification of pulsar beam with these new values of
a, B to explain the radiation mechanism.

The HB of a GC in color magnitude diagram
(CMD) is composed of stars with helium burn-
ing cores and hydrogen burning shell which have



evolved off the red giant branch (RGB). Since the
stars in HB are bright and their luminosity is not
very dependent on color they could give direct in-
formation about their distance. Thus HB stars play
an important part in defining the absolute distance
scale in the Universe as well as their spatial distri-
bution in the Galaxy. There are various HB mor-
phology parameters used by various authors and
different independent parameters like (i) metallic-
ity (ii)cluster age (iii) He mixing and radiative lev-
itation (iv) cluster density and concentration (v)
He abundance and rotation (vi) influence of plan-
ets etc. to explain the morphology but studying the
effect of each parameter taking one at a time. We
have used a multivariate study to explain the best
chosen HB morphology parameter (through PCA)
and selected the optimum number of parameters
to explain that morphology (through step wise re-
gression) considering all the parameters simultane-
ously. We have tested the robustness by taking
several bootstrap samples and extended the study
for M31 and LMC globular clusters also.

Tikekar, Ramesh and Jotania, Kanti

The super dense stars with mass-to-size ratio ex-
ceeding 0.3 are expected to be made of strange mat-
ter. Assuming that the 3-space of the interior space
time of a strange star is that of a three-paraboloid
immersed in a four-dimensional Euclidean space,
a two-parameter family of physically viable rela-
tivistic models of compact stars has been obtained.
This ansatz determines density distribution of the
interior self-gravitating matter up to one unknown
parameter. The Einstein’s field equations deter-
mine the fluid pressure and the remaining geomet-
rical variables. The information about mass-to-size
ratio together with the conventional boundary con-
ditions lead to the determination of total mass, ra-
dius and other parameters of the stellar configura-
tion.

The ground state of hadronic matter is the
state in which quarks are confined in individual
hadrons. It is believed that in the natural ground
state, matter may be in a de-confined state of
quark, which is called strange matter. A univer-
sal process in which the confined state could slowly
evolve into strange matter is through the formation
of neutron stars with dense cores in which phase
transition to quark matter is likely to occur. If
the strange matter is true ground state, the en-
tire star may get converted into a strange matter
star. The strange matter is the most likely can-
didate for the interior of any fast rotating pulsar
compared to a hardonic matter of a neutron star.
The strange stars can be divided into two types:
Type I: SS with (m = a) > 0.3 and Type II: SS
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with 0 : 2 < (m = a) < 0 : 3. In the case of
Type-II: SS, reliable information about the density
profile, mass and radius will be essential to dis-
tinguish them from their neutron star counterparts
and the lower limit may be still lower. The theoret-
ical models which stipulate variable density profiles
for interior matter of compact stars in hydrostatic
equilibrium are definitely more incisive in quanti-
fying astrophysical parameters in this respect.

Recent observation of LXMB 2S 0921-30 con-
tains massive compact object of mass. This ob-
ject could be either low-mass black hole or strange
star. Because a neutron star having a radius of
about 10-12 km and interior matter with nuclear
density cannot accommodate the mass mentioned
above, the object 2S5 0921-30 is expected to be
a compact star with compactification parameter
0 :33 < m/a < 0 : 40. The object, if it is
not a black hole, can exist as a strange star only.
The upper limit is an extremely high value admis-
sible in the case of theoretical models based on the
paraboloidal ansatz. Accordingly, formulation of
reliable criteria to distinguish a strange star from
other super-dense stars such as a neutron star is
highly desirable.

Since strange matter is likely to be inside the
core of a compact star it is important to explore
core envelope models in which core consists of
anisotropic fluid and envelope region isotropic fluid.
Also core region should have radius about 6-7 Kms
and envelope region size about 1.5 -2.5 Kms which
would have nuclear density. The class of models
include models with these desirable features. De-
tailed studies of issues related to these are under
consideration.

Usmani, Anisul Ain

Strangeness degree of freedom, when trapped in a
bound nuclear system, affects every physical ob-
servable, starting from deuteron to neutron stars.
It induces subtle distortions in the system even
with the presence of a single hyperon. The hy-
pernuclear systems with one or two quanta of
strangeness in a finite nucleus and also with the
bulk of it as in an infinite-body hyperon star of-
fer an unique opportunity to enrich our knowledge
about the role of strangeness in a nuclear medium
of different densities. Study of such systems may
provide useful informations about baryon-baryon
and three baryon forces.

There is a need to investigate the role of all
the strength of the strange sector potentials on fi-
nite nuclei as well as on infinite-body systems such
as neutron stars. It is therefore, necessary to know
precise information on the AA potential strength.
A.A. Usmani and Z. Hasan have determined it,



recently, and have also determined the AN space-
exchange strength through the study of 3 He and
8 yHe hypernuclei. These informations would be
useful for future studies of neutron stars.

Classical and Quantum Cos-
mology

Banerjee, Narayan

Narayan Banerjee, along with his collaborators,
has investigated the possible role of curvature in
driving the recent cosmic acceleration. They have
considered two examples where nonlinear contri-
butions of the ricci scalar in the Einstein-Hilbert
action can give rise to an accelerated expansion at
the present epoch after having a decelerated expan-
sion in the recent past. They have also studied the
role of minimally and also non minimally coupled
scalar fields in driving an accelerated expansion.
They showed that in Brans-Dicke theory it is pos-
sible to construct a quintessence field which has an
interaction with the Brans-Dicke scalar field such
that the quintessence field has an oscillatory field
in the past and grows only during the later phase
of the evolution so as to drive a late surge of accel-
eration.

Chaudhuri, Sarbeswar

In brane cosmology it is assumed that our four di-
mensional universe is a hyper surface, the brane,
embedded in a higher dimensional space-time,
called the bulk. Randall and Sundrum (RS) pre-
sented a theory of gravity with an infinite fifth di-
mension and showed that the standard 4D gravity
is reproduced on the brane even if the fifth dimen-
sion is uncompactified [ Physical Review Letters,
83, 3370 (1999); Physical Review Letters,83, 4690
(1999)]. Chen, Harko and Mak presented exact so-
lutions of gravitational field equations in the gen-
eralized RS model for an anisotropic brane with
Bianchi type-I and IV geometry with perfect fluids
and scalar fields as matter sources [Physical Review
D64, 044013 (2001)].

S. Chaudhuri in collaboration with S.
Chakraborty, is now engaged in research work
to derive the solutions of anisotropic brane with
Bianchi-I universe with perfect fluid model having
nonvanishing Weyl tensor of the bulk. It is shown
that the high energy density brane universe evolves
from a singular state from time ¢t = 0. In the early
stage of evolution (near ¢t /2 0), the expansion factor
is infinitely large. When ¢ — oo, the volume scale
factor becomes infinite and the expansion scalar
tends to zero. For a universe with cosmological
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constant A = 0, the evolution of the high density
brane universe starts from ¢ = 0 from a singular
state V. = 0 when the initial cosmological time is
suitably redefined by adjusting the parameters of
the solutions. At ¢ = 0, the deceleration parameter
has a constant value ¢ = 3. When ¢t — oo, the
volume of the universe expands to infinity and the
deceleration parameter becomes unity.

It is now believed that scalar fields play an
important role in the evolution of the early uni-
verse. SChaudhuri and SChakraborty derived the
field equations for the scalar field evolution on the
anisotropic Bianchi type-I universe taking nonzero
value of the Weyl tensor of the bulk into account
and analyzed the properties of the relevant physi-
cal quantities of interest such as the expansion scale
factor, anisotropy, shear and deceleration parame-
ter etc. associated with the evolution of the uni-
verse in presence and in absence of the cosmological
constant.

Chandra, Deepak

Deepak Chandra has continued his study of the
dark energy problem in cosmology. He is explor-
ing the different dark energy models (scalar fields,
phantom fields, Chaplagyn gases etc) and their
equations of state. It is believed that the scalar
field models may play an important role in describ-
ing the current observations which indicate that our
Universe is accelerating due to the presence of a
matter component with negative pressure like the
cosmological constant. The scalar field (tracker)
models can remove the fine-tuning problem that
bogs the cosmological constant.

Deepak Chandra is also studying the modified
gravity models which modify the geometry and do
not need dark energy to explain the acceleration of
the Universe. Theories with extra large dimensions
provide interesting possibilities.

Debnath, Ujjal

U. Debnath has studied the junction conditions be-
tween static and non-static space-times for ana-
lyzing gravitational collapse in the presence of a
cosmological constant. The collapse of a quasi-
spherical star is considered where the exterior
geometry corresponds to Schwarzschild-de-Sitter
space-time. The analysis shows that the presence
of A-term slows down the collapsing process and
hence influences the time difference between the
formation of the apparent horizon and the singu-
larity. As the presence of a cosmological constant
(dark energy) induces a potential barrier to the
equation of motion so particles with a small velocity
are unable to reach the central object. This ideas



can be used astrophysically for a particle orbiting a
black hole, which contains dark energy and an esti-
mation of minimum velocity can be done for which
the particle enters inside the black hole. Conse-
quently, the amount of dark energy in the black
hole can be calculated. Lastly, due to the presence
of the cosmological constant, there are two physical
horizons- the black hole horizon and the cosmolog-
ical horizon. Further, for more massive collapsing
system, the time of formation of the two horizons
become very close to each other. Moreover, asymp-
totic flatness of the space-time is violated due to the
presence of the cosmological constant.

Gravitational collapse of FRW brane world
embedded in a conformaly flat bulk is considered
for matter cloud consists of dark matter and dark
energy with equation of state p = ep, (¢ < —1/3).
The effect of dark matter and dark energy is being
considered first separately and then a combination
of them both with and without interaction. In some
cases the collapse leads to black hole in some other
cases naked singularity appears.

Debnath has considered a model of modified
Chaplygin gas in VSL theory with variable gravi-
tational constant G. If ¢ = constant and G = con-
stant then the evolution of the universe starts from
radiation to A CDM model. The variable ¢ and G
can drive the evolution of the universe from radia-
tion to phantom stages instead of A CDM stage. If
G = constant or ¢ = constant then any one of vari-
able G and c can drive the evolution of the universe
into the phantom model. Thus variable G or ¢ has
significant role for the evolution of the universe in
late stages.

Guha, Sarbari

Sarbari Guha has worked on the representation of
the evolution history of universe models in three-
dimensional phase space. The evolution trajecto-
ries of the corresponding universes are generated
completely in terms of the constants of motion.
From the theory, the magnitude of the transition
redshift is also calculated. The theoretical value is
found to agree well with the current observational
values. The analysis is found to hold even when the
cosmological term is interpreted as a dark energy
component. It is also shown that terms associated
with square of the redshift parameter and higher in
the luminosity-distance relation can be written in
terms of the current values of the density parame-
ter.

Igbal, Naseer

Naseer Igbal has studied the phenomena of clus-
tering of galaxies in an expanding universe from a
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theoretical point of view on the basis of thermo-
dynamics and correlation function together with
Farooq Ahmad and M S Khan. They have de-
veloped two partial differential equations in com-
bination with the equation of state taking gravita-
tional interaction between particles( galaxies) in to
consideration and both of these equations clarify
the dependence of two particle correlation function
on the number density n, temperature T and the
inter-particle distance r. The evaluation of the two
particle correlation function is in close agreement
with the Peebles power law and hence confirms the
applicability of the approach for understanding the
phenomena. The evaluation of the measuring pa-
rameter b on the basis of correlation function seems
to be much better clarified and provides a lot of
physical understanding by making use of various
boundary conditions.

Jain, Deepak

It is now well established that the expansion of
the universe is accelerating. One possible expla-
nation is that the energy density of the universe
is dominated by dark energy with negative pres-
sure and almost not clustering. The simplest can-
didate for dark energy is cosmological constant but
it suffers from fine tuning and cosmic coincidence
problem. Consequently several models have been
proposed to describe the observed universe, such as
quintessence, phantom, tachyonic and so on. It is
also possible to explain the acceleration of the uni-
verse by using the ’Chaplygin gas’ model. The at-
tractive feature of this model is that it can explain
both dark energy and dark matter with a single
component.

Recently, a ‘Variable Chaplygin gas’ model has
been proposed which has the ability to explain the
accelerated expansion of the universe in the recent
times. They constrain the parameters of this model
by using the location of peaks of the CMBR spec-
trum and the SNe Ia gold data set. The results are
compatible with the results obtained from other ob-
servational tests like X- ray gas mass fractions in
galaxy clusters. etc.

John, Moncy

The cosmological data of unprecedented accuracy
made available during the past decade have em-
boldened investigators to aspire for some sort of
precision cosmology. At the same time, it has
also become more and more apparent that pre-
cision data require sophisticated tools for their
analysis. In recent years, cosmologists have
used Bayesian model comparison as one such
tool. Within the Friedmann-Lamaitre-Robertson-



Walker (FLRW) model, Bayes theory was used by
A. Jaffe (1996) to estimate the cosmological den-
sity parameters. Bayesian model comparison tech-
nique was used for the first time by Moncy V. John
and J.V. Narlikar (2002), for comparing physically
distinct cosmological models (including the stan-
dard FLRW model). Thereafter, a host of differ-
ent standard and nonstandard cosmological models
were put under scrutiny by using this method and
the programme has aroused much interest in the
literature.

The recent releases of SNe Ia data is far more
accurate and reliable than the earlier ones. Moncy
V. John has been attempting to extract useful in-
formation from these recent data, by resorting to
the Bayesian method. In addition, if one uses the
model-independent approach developed by this au-
thor in the previous years, many interesting conclu-
sions regarding the expansion history of the uni-
verse can be made. It was also found that if the
posterior distribution for parameters obtained in
the previous analyses is used as the prior in the
new one, the dependence of the results on priors
can altogether be minimised.

Paul, B.C.

Gravitational instantons are employed to study
quantum creation of an inflationary universe with
a pair of black holes in a modified theory of grav-
ity. The action B.C. Paul and D. Paul consider
contains «R?,§R~! terms and a cosmological con-
stant (A) in the Einstein-Hilbert action. They con-
sider two different topologies one accommodating
a pair of black holes and the other without black
holes to compute probability of a particular kind of
universe. Using a technique prescribed by Bousso
and Hawking to determine the quantum creation of
a universe in a semi-classical approximation with
Hartle-Hawking boundary condition we evaluated
the probabilities. They obtain new gravitational
instant on solutions in the theory which are physi-
cally relevant and useful to study quantum creation
of universe. They note that the probability for the
creation of a universe with a pair of black holes
is strongly suppressed with a positive cosmological
constant when § = 4A?/3 for o > 0 but it is more
probable for a < —1/(6A). It is found that a new
class of gravitational instant on solutions exist in
the theory proposed by Carroll etal. [Phys. Rev. D
70, 043528 (2004)] which accommodate an acceler-
ating universe in the presence of a curvature square
term. These are physically interesting for quantum
creation which puts a bound on the values of A.
B.C. Paul and collaborators explored a cosmo-
logical model of an ever-existing universe, which
eventually enters at some stage in to the standard
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Big Bang epoch and has features precisely known to
us. We have shown that emergent universe scenar-
ios are not isolated solutions and they may occur
for different combinations of radiation and matter.
Considering a known feature of the scale factor in
the Einstein equation we look for the equation of
state (EOS) which leads to such scenario. They
note that an EOS: P(p) = Ap — Bp'/? where A
and B are constants led to an emergent universe.
The energy density p may have different compo-
nents, each satisfying its own equation of state.
The choice of the above equation of state may be
looked upon as a mathematical tool for generating
solutions for emergent universe. Although emer-
gent universe scenario explored earlier by different
authors our model is special since it accommodates
a spatially flat universe.

Pradhan, Anirudh

Topological structures produces phase transitions
in the universe as it cools. Phase transitions
gives birth also to soliton like structures such as
monopoles, strings and domain walls. Within the
ambit of general relativity, A. Pradhan, together
with S. Otarod and Raj Bali studied plane symmet-
ric inhomogeneous domain walls and string cosmo-
logical models with time dependent bulk viscosity.
It is observed that a network of domain walls accel-
erates the expansion of the Universe, it also exerts
a repulsive force expected to help the formation
of large-scale structure. An interesting result that
emerged in this work is that the pressure perpen-
dicular to the wall is non-zero.

A. Pradhan and G. P. Singh are continuing the
investigation on dynamic models of cosmological
term A in higher dimensions. A. Pradhan and oth-
ers has studied the higher dimensional cosmological
implications of a decay law for A- term. The cos-
mological tests pertaining to proper distance, lu-
minosity distance, angular distance, and look back
time in the framework of multidimensional space-
time have been discussed. The results for the cos-
mological tests are found to be compatible with the
present observations.

A. Pradhan in collaboration with Kanti Jota-
nia and others has obtained new exact solutions of
EFES for cylindrically symmetric non-static inho-
mogeneous and Bianchi type V space-time with a
bulk viscous fluid as source of matter and cosmolog-
ical term varying with time. The values of cosmo-
logical ” constant” for these models are found to be
consistent with the results from recent supernovae
Ia observations. Our strong point of these models is
that it incorporates matter density naturally and so
makes feasible a model which can incorporate the
physical constrains. Some physical and geometric



aspects of the models are also investigated.

In earlier literature cosmological models with
a constant deceleration parameter have been stud-
ied by several authors. But redshift magnitude test
has had a chequered history. During the 1960s and
the 1970s, it was used to draw very categorical con-
clusions. The deceleration parameter g, was then
claimed to lie between 0 and 1 and thus it was
claimed that the universe is decelerating. In to-
day’s situation, we feel, it is hardly different. Ob-
servations (Knop et al., 2003; Riess et al., 2004) of
Type Ia Supernovae (S Ne) allowing to probe the
expansion history of the universe. The main con-
clusion of these observations is that expansion of
the universe is accelerating. A. Pradhan together
with S. Otarod are premier in studying the cos-
mological models of the universe with time depen-
dent deceleration parameters and A -term in gen-
eral Relativity from which three models of the uni-
verse are derived: exponential, polynomial, and si-
nusoidal forms respectively. The values of the cos-
mological “term” for these models are found to be
consistent with the results from recent supernovae
Ta observations.

Seshadri, T. R.

T. R. Seshadri has been studying the statistical
properties of Cosmic Microwave Background Radi-
ation. In particulat Non-gaussianity in the CMBR,
due to cosmic magnetic fields is being analyzed.
This work is in collaboration with K. Subramanian.

The reliability and the quantification of errors
in studying the clustering properties of matter in
the Universe over large scales is being studied in
collaboration with Jasjeet Bagla and Jaswant Ya-
dav.

Singh, G.P.

On the basis of observational evidences now it is
well established that the universe is dominated by
an energy component with an effective negative
pressure. One possibility for such component is
the cosmological constant and the other possibility
is quintessence, a slowly varying scalar field with
an appropriate potential. The role of dissipative
effects in the evolution of the universe, particu-
larly during its early stages, is also a subject of
importance. The simplest generalization of Ein-
stein’s theory of gravity are scalar - tensor theories.
G.P. Singh and his coworkers are studying effect of
quintessence in the presence of dissipative cosmic
fluid under the framework of scalar-tensor theories.
G. P. Singh and A.Pradhan are continuing the in-
vestigation on dynamical models of cosmological
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term A in higher dimensions. The analytical ex-
pressions of cosmological variables indicate a clear
dependence of dynamical properties on dimension-
ality of the spacetime. The derived models solve
the entropy problem. This may present a signifi-
cant problem to structure formation or brane world
cosmology.

Dynamics

Jain, Sanjay

Sanjay Jain and collaborators have studied the mo-
tion of the infinitesimal mass in the following cases:

1. Periodic orbits around the collinear libra-
tion points in the restricted three body problem
when the smaller primary is a triaxial rigid body. 2.
Periodic orbits around the collinear libration points
in the restricted three body problem when both
the primaries are triaxial rigid bodies. 3. Periodic
orbits around the collinear libration points in the
restricted three body problem when the more mas-
sive body is a source of radiation and the smaller
primary is a triaxial rigid body.

In first problem, they have generalized the
problem studied by Ragos and Zagouras (1991),
who have studied the periodic orbits in the re-
stricted three-body problem when the primaries
are spheres or point masses (classical case). Jain
and collaborators have taken the smaller primary
a triaxial rigid body and the more massive body a
sphere or a point mass (Sun-Earth case).

In the second problem, Jain and collabora-
tors have considered with the periodic orbits in the
restricted three body problem (Earth-Moon case)
when both the primaries are triaxial rigid bodies
with its equatorial plane coincident with the plane
of motion. They draw the periodic orbits and dis-
cuss their stability by taking different five values of
semi axes of the primaries.

In the last problem, they have studied the pe-
riodic orbits belonging to stromgren families A, B,
C around the collinear libration points in the re-
stricted three body problem (Sun-Earth case) when
the smaller primary is a triaxial rigid body and
more massive body is a source of radiation pres-
sure. These families are determined in three differ-
ent cases. (i) Classical case (ii) When bigger pri-
mary is a source of radiation pressure (iii) When
smaller primary is a triaxial rigid body and bigger
primary is a source of radiation pressure.



Galaxies and Quasars

Jacob, Joe

Joe Jacob is collaborating with J. Bagchi (IUCAA)
in the study of galaxy clusters. During his first
year of visit to IUCAA as ’'Visiting Associate’ he
participated in the GMRT observations (during the
nights of December 2-3), aimed at investigating the
nature of a ~200kpc-scale mini radio-halo MRC
01164111, recently discovered at the center of a
distant cluster of galaxies at redshift z = 0.13. Mul-
tifrequency GMRT data were obtained at the wave-
lengths of 20, 50 and 90 centimeters. Since his
main aim is to acquire proficiency in radio astron-
omy data analysis and in the use of GMRT and
other radio/optical telescopes for research in the
frontier areas, he plans to utilize the computational
and other resources at IUCAA, in particular using
the AIPS software for data reduction of the GMRT
data.

Besides these activities at ITUCAA he is ac-
tively engaged in Astronomy popularization in his
region through lectures and interactive sessions
with students. With the guidance of Dr. Bagchi
he is planning to setup a ‘Radio Astronomy’ lab at
his institution, to give training to students in radio
astronomy.

Jog, Chanda

Nearly all spiral galaxies show warped outer disks,
and a large fraction of the warps are now known
to be asymmetric. Chanda Jog has worked out the
mechanism for the origin of the asymmetric warps
as arising due to a dynamic superposition of m =1
modes (s-shaped warps) and m = 0 modes (bowl-
shaped distribution). The results naturally explain
the wide variety of asymmetry in warps that is ob-
served, including the extreme cases of U-shaped
and L-shaped warps. For details, see Saha & Jog
2006, A & A, 446, 897.

A self-consistent calculation of the galactic
disk repsonse to the vertical perturbations shows
a surprising but generic physical result that the
self-gravity of the disk resists any distortion in the
inner regions. The net warps are shown to occur
only beyond 4-5 disk scalelengths, this result phys-
ically explains the well-known Briggs law that the
warps is galaxies are observed to set in beyond this
radius. For details, see Saha & Jog 2006, MNRAS,
367, 1297.

A harmonic analysis was carried out on the HI
data obtained at GMRT for a sample of 18 galax-
ies in the Eridanus group. This is the first such
study of HI asymmetry in spiral galaxies. The use
of HI as a tracer has allowed the measurement of
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lopsidedness to much larger radii than done earlier
using the near-IR data on stars. The lopsided am-
plitude measured is found to be larger by a factor
of 2 compared to the field galaxies, and also the
early-type galaxies show higher lopsidedness con-
trary to the case in the field galaxies. These two
results obtained indicate a different physical mech-
anism, namely tidal interactions, for the origin of
lopsidedness that is observed in the group galaxies.
For details, see Angiras et al. 2006, MNRAS, 369,
1849.

The analysis of 2MASS archival data for a
sample of advanced remnants of mergers of galax-
ies was done, which shows that their centres ex-
hibit non-axisymmetry with high amplitudes. The
centres of isophotes are not constant but instead
show upto 30% sloshing or wandering within the
central 1 kpc, and also the Fourier analysis shows
large lopsided amplitude of upto ~ 0.2. These rem-
nants are ~ 1 Gyr old as shown by our previous N-
body analysis (Bournaud, Combes & Jog 2004, A
& A Letters, 418, L27). Thus, the central asymme-
try is long-lived, lasting for ~ 100 local dynamical
timescales and could therefore be important in the
fuelling of the central AGN. For details, see Jog &
Maybhate 2006, MNRAS, 370, 891.

Khare, Pushpa

Pushpa Khare with her collaborators compiled ev-
idence to prove that the dust obscuration effects
are not important and that the observed anticor-
relation between metallicity and H I column den-
sity in QSO absorbers is real. Using the observed
mass-metallicity relation for galaxies they argued
that the sub-DLAs may indeed be associated with
massive galaxies while the DLAs are produced by
dwarfs or low mass galaxies.

Pushpa Khare with her collaborators showed
that the metallicity evolution in sub-DLAs is faster
than that in DLAs. At z5 : 5 sub-DLAs contribute
about 25% of the DLA contribution to the metal
buget of the Universe. They suggested that at low
redshifts, the sub-DLAs contribution may be sev-
eral times that of the DLAs.

Pushpa Khare along with her collaborators ob-
served several zabs < 1 : 5 Damped Lyman Al-
pha systems (DLAs) and sub-DLAs in the spec-
tra of QSOs, with the Magellan telescope with the
aim of determining the metal abundances in these
systems. The sub-DLAs, in general, were found
to have higher metallicity compared to the DLAs.
The sub-DLAs were shown to have a correlation
between metallicity and velocity widths, possibly
indicating that sub-DLAs are associated with more
massive absorbers.



Pandey, S.K.

Collaborative programme on multiwavelength sur-
face photometric studies of early-type galaxies was
continued during the year. During the period im-
ages in broad band BVRI filters were taken for few
more early-type galaxies from the selected sample
of galaxies were using the 2m telescope at the IGO.
Preliminary reduction of the data obtained from
HCT during the year 2005-06 is nearing comple-
tion, and detailed analysis of properties of dust in
the sample galaxies is in progress. Ms Samridhi
Kulkarni, a research student at Raipur, is also in-
volved in this programme.

Significant progress was also made in the anal-
ysis of galaxies from LFC survey fileds during the
year. At present redshifts are available only for
a few bright galaxies from the field. A survey is
planed to get redshifts and spectral information
for large sample of galaxies using 3.9m Anglo Aus-
tralian Telescope (AAT). The sample contains ~
270 galaxies per field which are brighter than 20.5
magnitude in i band. Use of multifiber spectro-
scope, AAomega, on AAT was proposed, which can
be used to get spectra of ~ 400 targets at a time
within field of view of 2 degrees. One of the LFC
fields, SDSS1208 was observed for one hour in ser-
vice mode, on June 22, 2006 using AAT.

Compactness of the field and constraints of
fiber allocation limited the target allocation to
135 galaxies. Reliable redshifts were obtained for
55/135 (40%) of the galaxies targeted to get the
low resolution spectra in wavelength range 370 nm
to 880 nm. A 100% success was achieved for the
brightest targets, i.e. galaxies with g(fiber) mag-
nitude < 21.2. A mean S/N per pixel of around 4
in the blue and 10 in the red arm of spectroscope
were attained for targets with g(fib) ~ 21. How-
ever, the success rate fell rapidly for fainter galax-
ies. The preliminary investigation of spectra shows
the presence of passively evolving elliptical galax-
ies, galaxies with substantial on-going star forma-
tion, ‘E+A’ or ‘a+k’ type galaxies, in the sample.
The absorption lines such as Mg, Na and Fe, as
well as the Balmer lines and the CH G-band were
also seen. Information on the metallicity was ob-
tained, for different star formation histories, from
such spectra. Preliminary results were presented
at the XXIV Th meeting of ASI held at Osmania
Univ., Hyderabad during Feb. 7-9, 2007.The same
field was again observed on March 27, 2007 in the
service mode for 1.5 hours. The spare fibers, af-
ter allocation of target form the field were used to
allocate the galaxies selected from the SDSS sur-
vey. This observation yielded spectra of 235 galax-
ies, for which data analysis is in progress. This
is a collaborative research programme involving A.
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K. Kembhavi, Russell D. Cannon, Ashish Mahabal
and Laxmikant Chaware, a research student work-
ing for his doctoral work at Raipur.

Patil, M.K.

M.K. Patil in collaboration with Professor S.K.
Pandey and Professor Ajit Kembhavi, is involved
in studying the dust extinction properties in extra-
galactic universe based on the multi-band imaging
observations of early-type galaxies. They studied
the wavelength dependent nature of the dust ex-
tinction for a sample of 30 galaxies and have de-
rived the extinction curves for these galaxies. Ex-
tinction curves derived for majority of these galax-
ies run parallel to the canonical curve of the Milky
Way, implying that the properties of dust in ex-
tragalactic environment are identical to those of
the canonical grains in the Milky Way. The Ry
value, which characterizes the extinction curve in
the optical region, are found to vary between 2.03
to 3.46 compared to the canonical value of 3.1 for
our galaxy. Dust within galaxies in “loose” envi-
ronment is typically characterized by smaller Ry
(i.e. smaller grains) and is distributed in promi-
nent dust lanes with a smooth, relaxed morphol-
ogy. On the other hand, dust present in galaxies
that are in or near the center of dense groups or
clusters is typically irregularly distributed, and is
characterized by Ry values close to the Galactic
one. The dust content derived from optical extinc-
tion method provides a lower limit compared to
that derived from the IRAS flux densities as well
as from ISO data. This discrepancy in the two es-
timates implies that a large fraction of dust which
is distributed within galaxy remained undetected
in the optical method. To address the issue of ori-
gin of dust, they have explored various possibilities
have found that internal mass-loss from evolved
stars alone cannot account for the observed dust
in these galaxies and therefore is believed that a
significant fraction of dust might have originated
through a direct merger or accretion or tidal cap-
ture of gas from the neighboring galaxies.

Patil and his collaborators are also involved in
studying properties of Multi-phase ISM in early-
type galaxies. To examine the morphology of the
hot (X-ray emitting) gas they have used data from
the archives of Chandra and XMM-Newton space
missions. This study has shown that the morphol-
ogy of dust closely matches with that of ionized gas,
and in some cases with the X-ray emitting gas too,
pointing towards a physical connection between dif-
ferent phases of ISM. X-ray studies of early-type
galaxies, compared to its radio and optical counter-
parts provide unique and complementary insights
into the nature of these systems. The nature of X-



ray emission from these systems reveals the mass,
distribution and relative abundances of the metal
constrains the enrichment; and therefore is related
to the star formation history of these galaxies. The
complicated nature of optical abundance studies
emphasizes the value of the complementary method
of X-ray spectroscopy of hot gas that originates as
stellar mass loss.

Ravikumar, C.D.

Ravikumar is involved in studies on formation and
evolution of galaxies. In collaboration with the
scientists from Paris Observatory and ITUCAA he
has produced spectroscopic redshifts for about 700
galaxies in the Chandra Deep Field - South. The
data has been made public to the astronomical
community through CDS, and more advanced anal-
ysis is being carried out with observations using
sensitive GIRAFFE and FORS spectrographs. He
has studied the K-band properties of early type
galaxies. Studying the bulges of galaxies of dif-
ferent Hubble types he has shown that there exists
a clear dichotomy in different correlations between
the bulge structural parameters. His studies on
the properties of lenticular galaxies with Prof. Ajit
Kembhavi and Dr. Sudhanshu Barway of TUCAA,
Dr. Yogesh Wadadekar of Princeton University and
Dr. Divakar Mayya of Instituto Nacional de As-
trofisica, Mexico, and supports a clear division in
the formation scenario for lenticulars, with secu-
lar evolution for fainter SOs, and a more merging
dominant formation for brighter lenticulars.

Gravitational Theory

Chakraborty, Subenoy

Dynamical symmetry in gravitational collapse has
been studied by Subenoy Chakraborty and co-
workers. S. Chakraborty in collaboration with San-
jukta Chakraborty have investigated the role of ini-
tial data, anisotropy and inhomogeneity in deter-
mining the end state of collapse. By linear scaling
the initial data set and the area radius, they have
found that the dynamics of quasi-spherical collapse
remains invariant. The linear transformation iden-
tifies an equivalence class of data sets for which
physical parameters like density, pressures, shear
remains invariant and the final state of collapse is
identical. Subsequently, they have extended this
work by choosing the initial area radius to be an
arbitrary function of v’ and have studied the grav-
itational collapse with dust or anisotropic pressure
as the matter source.

S. Chakraborty in collaboration with Soma
Nath and Ujjal Debnath has investigated gravita-
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tional collapse in quasi-spherical Szekeres’ model
with cosmological constant as the matter and have
shown the role of cosmological constant during col-
lapsing process and final fate of singularity. They
have evaluated the apparent horizon and have
found that due to presence of the cosmological con-
stant there are two physical horizons - the blackhole
horizon and the cosmological horizon. They have
shown that asymptotic flatness of the space-time
is violated due to the presence of the cosmological
constant and it slows down the collapsing process.

In another work, S. Chakraborty in collabora-
tion with Soma Nath and Ujjal Debnath has con-
sidered gravitational collapse of FRW brane world
embedded in a conformally flat bulk for matter
cloud in the combination of dark matter and dark
energy. The dark energy is in the form of perfect
fluid with equation of state p = ep(e < —1/3).
They have shown that in some cases the collapse
leads to black hole, in some other cases naked sin-
gularity appears.

Chaudhuri, Sarbeswar

Solutions of Einstein-Maxwell Field equations in
General Relativity are of much importance in the
analysis of the behavior of astrophysical objects.
Several such solutions exist in the literature but
not all of them reduce to the Schwarzschild form in
the static limit. Bonnor [Z.Phys. 161, 439 (1961);
Z.Phys. 190, 444 (1966)] constructed some exact
solutions of Einstein-Maxwell field equations, but
they do not reduce to the Schwarzschild static limit.
Manko and his coworkers, presented some static
and stationary solutions of Einstein-Maxwell field
equations which reduce to the Schwarzschild solu-
tion in absence of magnetic field [Gen.Rel.Gravit.,
20, 327 (1988); Physics Letters, A132, 85 (1988);
Gen.Rel.Gravit., 22, 799 (1990)]

S Chaudhuri is now carrying out his research
work in constructing some magnetostatic solutions
of Einstein-Maxwell equations for static and ro-
tating masses possessing magnetic dipole moments
using the technique of Das-Chaudhuri [Pramana-
J.Physics, 40, 277 (1993)]. The generated solu-
tions are found to be asymptotically flat and con-
tain monopole, dipole and other higher mass mul-
tipoles. In pure vacuum limit, the solutions re-
duce to the Schwarzschild metric. With some re-
strictions on the constants, the solution of a mass-
less source having a magnetic dipole moment is ob-
tained. It is also shown that using the technique
of Das-Chaudhuri, the magnetostatic solution ob-
tained from the stationary field corresponding to
the Kerr metric, under some restrictions on the
constants, gives a monopole solution M = 2m, to-
gether with other higher mass multipoles. This re-



sult exactly coincides with that obtained by Bon-
nor.

Ghosh, Sushant G.

S.G. Ghosh, in collaboration with A.K. Dawood,
have proved a theorem that characterizes a large
family of non-static solutions to Einstein equa-
tions, representing, in general, spherically symmet-
ric Type II fluid. It is shown that the best known
dynamical black hole solutions to Einstein equa-
tions are particular cases from this family. The
solutions depend on one parameter k, and two ar-
bitrary functions M (v) and C(v) (modulo energy
conditions). It is possible to generate various so-
lutions by proper choice of these functions and pa-
rameter k. Many known solutions are identified
as particular case of this family and hence there
exists realistic matter that follows the restrictions
of the theorem. It would be of interest to see if
there exists a physically valid new solution. They
have extended to higher dimensional space-time,
above theorems, which, with certain restrictions on
the EMT, characterizes a large family of radiating
black hole solutions in N-dimensions.

Ghosh, in collaboration with Viktoriya Moro-
zova of Institute of Nuclear Physics, Uzbekistan,
modified the above theorem, so that a large family
of exact non-spherically symmetric radiating anti-
de Sitter black hole solutions is possible. The fam-
ily solutions generated represent generalization of
non-spherical Vaidya-like solutions in an anti-de
Sitter background.

S.G. Ghosh, in collaboration with D.W.
Deshkar, has obtained the analogue of collapsing
Vaidya-like solution to include both a null fluid
and a string fluid, with a linear equation of state
(p. = kp), in non-spherical (plane symmetric
and cylindrically symmetric) anti-de Sitter space-
timess. It turns out that the non-spherical collapse
of two fluid in anti-de Sitter space-times, in ac-
cordance with cosmic censorship, proceed to form
black holes, i.e., on naked singularity ever forms, in
accordance with cosmic censorship, violating hoop
conjecture. They have also obtain another Vaidya-
like solutions to include both a null fluid and a
string fluid in non-spherical (plane symmetric and
cylindrical symmetric) anti-de Sitter space-times.
Here, assuming that string fluid diffuse, we find ex-
act solutions of Einstein’s field equations. Thus we
extend a recent work of Glass and Krisch to non-
spherical anti-de Sitter space-times.

They have studied the junction conditions for
non-spherical collapsing radiating star consisting of
a shearing fluid undergoing radial heat flow with
outgoing radiation. Radiation of the system is de-
scribed by plane symmetric version of Vaidya so-
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lution. Junction conditions, match the collapse so-
lutions to an exterior Vaidya metric, show that at
the boundary, the pressure is proportional to the
magnitude of the heat flow vector. Physical quan-
tities, analogous to spherical symmetry related to
the local conservation of momentum and surface
red-shift, are also obtained. Finally, exact gravita-
tional collapse solutions, for both shear and shear-
free case, have been obtained by integrating a field
equation.

Kuriakose, V.C.

Black holes continues to be black and so far they
have not yet revealed themselves to us. The 'no-
Hair’ theorem says that a black hole may reveal to
exterior world only through its mass, charge and
angular momentum. The situation could change
when the black hole is placed in a scalar filed.
Kuriakose and Kuriakose have studied the effect of
placing a Banados - Teitelboium - Zernelli (BTZ)
black hole in a scalar field with double-well poten-
tial. They have obtained nontrivial black hole so-
lution showing no divergence at the horizon and
asymptotically falling to the vacuum value which
shows that BTZ black hole can have scalar-hair.
The presence of black holes can be inferred only
through indirect methods. It is well a established
procedure to learn about a physical system by let-
ting waves of known characteristics be scattered of
it. Hence much attention has been paid to study
scattering problems involving black holes. Classi-
cally the event horizon of black holes absorbs ev-
erything falls on it and unable to emit anything
into the outside world. But, event horizons need
not be fully absorptive type but can reflect waves
falling on it which can be understood as a quan-
tum property of the event horizon. Sini and Kuri-
akose have studied the scattering of scalar waves by
Schwarzschild - de Sitter black hole considering the
reflection property of the event horizon and found
that their result could be reduced to the known
results.

Nandi, Kamal Kanti

Professor Kamal Kanti Nandi, with collaborators,
has been engaged in studying various aspects of
classical and quantum gravity including Brans-
Dicke Theory. During the period of the report
they were engaged in studying the semiclassical
ANEC constraint in wormhole spacetime. The re-
sult shows that traversable wormholes can only be
of microscopic nature. In another work, they at-
tempted to show the signatures of wormholes to be
seen via strong field gravitational lensing. Another
work discusses the similarities and differences be-



tween the two frames, Einstein and Jordan, in any
scalar field theory.

Patil, K.D.

KD.Patil has studied the gravitational collapse of
higher dimensional inhomogeneous dust model. He
proposed the concept of ”trapped range” of initial
data in different higher dimensional space-times
and shown that “trapped range” of initial data
increases with the increase in dimensions of the
space-times.

K.D.Patil, in collaboration with S.S.Zade, has
generalized the earlier studies on the spherically
symmetric gravitational collapse in four - dimen-
sional space-times to higher dimensions. They have
shown that the central singularities may be naked
in higher dimensions but depend sensitively on the
choice of the parameters. These naked singularities
are found to be gravitationally strong that violate
the cosmic censorship hypothesis.

K.D.Patil together with U.S.Thool has investi-
gated the influence of monopole field on the occur-
rence of the space-time singularities in the gravita-
tional collapse of anti-de Sitter-Vaidya space-time.
It has been shown that the spherically symmetric
monopole-anti-de Sitter-Vaidya space-time contra-
dicts the CCH, whereas the non-spherical collapse
respects it.

Ray, Saibal

Saibal Ray, in collaboration with Basanti Das, Fa-
rook Rahaman and Subharthi Ray, has consid-
ered Einstein-Maxwell space-time in connection to
some of the astrophysical solutions as previously
obtained by Tolman (1939) and Bayin (1979). The
effect of charge inclusion in these solutions has
been investigated thoroughly and also the natures
of fluid pressure and mass density throughout the
sphere have been discussed. Mass-radius and mass-
charge relations have been found out for various
cases of the charged matter distribution. Two cases
are obtained where perfect fluid with positive pres-
sures give rise to electromagnetic mass models such
that gravitational mass is of purely electromagnetic
origin.

Exact solutions of the Einstein field equations
with cosmic string and space varying cosmological
constant, viz., A = A(r), in the energy-momentum
tensors are presented by Saibal Ray, Farook Ra-
haman and Utpal Mukhopadhyay. Three cases
have been studied: where variable cosmological
constant (1) has power law dependence, (2) is pro-
portional to the string fluid density, and (3) is
purely a constant. Some cases of interesting physi-
cal consequences have been found out such that (i)
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variable cosmological constant can be represented
by a power law of the type A = 3r=2, (ii) variable
cosmological constant and cosmic string density are
interdependent to each other according to the re-
lation A = —8mp,, and (iii) cosmic string density
can be scaled by a power law of the type p, = 2.
It is also shown that several known solutions can
be recovered from the general form of the solutions
obtained here.

Srivastava, D.C.

D. C. Srivastava and his research student Shweta
Srivastava are involved in a collaboration with N.
Kantharia, NCRA and P. K. Srivastava, another
IUCAA associate for a project of radio studies of
the continuum at 1.4 GHz and at lower frequencies
and of the radio emission lines of He II from near
by Wolf Rayet (WR) Galaxies using the GMRT.
The detection and analysis of WR star popula-
tion in young starburst is a powerful tool to reveal
the properties of the star forming events. A bet-
ter knowledge of the duration, initial mass function
etc., in nearby galaxies is a key issue to follow the
evolution of the large population of star forming
galaxies.

The current interest in the study of WR galax-
ies is because these have been characterized as a
subtype of starburst Galaxies where a large portion
of stars of the star burst is WR stars. The star
burst is commonly defined as phenomenon where
continued star formation with current star forma-
tion rate (SFR) is such that it would exhaust the
available gas reservoir in much less than the age of
the Universe and also much less than the dynami-
cal timescale of the Galaxy (perhaps one rotation
period in a disk type Galaxy). The intense burst
of star formation results due to a collision or close
encounter between two galaxies.

The Far Infra Red (FIR) and 1.4 GHz ra-
dio continuum, which are among the best studied
indicators of SFR, are found to be highly corre-
lated over many orders of magnitude. A multi-
wavelength study of few selected nearby star burst
galaxies will allow us to study the star formation
history of the Universe by observing high red shift
star burst galaxies. A large number of the very
distant galaxies seen, for example, in the Hubble
deep field are known to be star bursts but they are
far away to be studied in any detail. Observing
near by examples and exploring their characteris-
tics can give us an idea of what was happening in
the early Universe as the light we see from these
distant galaxies left them when the Universe was
much younger.



Machine Learning and Virtual
Observatory

Chattopadhyay, Asis Kumar

Under VO-India, VOSTAT is a proposed module
which can used to make statistical analysis of data
obtained either through VO Tables or from any
other possible sources.

During this period attempts have been made
to develop some sub modules of VOSTAT related to
statistical methods like Exploratory data Analysis,
Regression Analysis, Statistical Tests, Nonpara-
metric methods, Multivariate Classification etc,
which users of VO India and also scientists from
other disciplines may use for their research using
large data sets. The target of this project is to
develop a complete statistical package under VO
which can be used in a user friendly way without
taking help of any costly Statistical package.

The programs have been written in R so that
anybody can freely use it as R is a free access soft-
ware in the Internet. As the R codes can also be
accessed through VOSTAT anybody with a little
knowledge of R programming may also write their
own programs in R. We are also interested to build
up a stand alone version of this statistical package.

Ninan Sajeeth Philip

Until recently, astronomy was limited to the study
of a finite number of celestial candidates, usually
bright objects. The information thus derived was
extrapolated to the remaining vast number of ob-
jects to build a cosmological model of the universe.
The major bottleneck in this issue was the limi-
tation in the computational and observational ma-
chinery required to handle faint and deep sky ob-
jects. Thanks to modern computers, intelligent
adaptive optics and new technology telescopes, a
drastic changes to this scenerio is on the way.

Many large sky surveys such as the SDSS,
for example, is trying to map the entire observ-
able universe (up to a certain limiting magnitude)
from the location of the observatory. The resulting
huge databases makes it possible for astronomers
to search for objects of any specific kind over the
entire region of the sky without having to wait for
unrealistic observational telescope times. Needless
to say, a major role in such a facility is catered by
modern machine learning tools that automatically
extract parameters to build catalogue that may be
readily used by astronomers.

The quality of any automated, machine learn-
ing algorithm is measured by its ability to cor-
rectly classify all the objects in a dataset. This
would be possible only if the parameters that are
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used to specify each object is nonoverlapping in
the feature space. In astronomy, this is a less fre-
quent reality. There are too many unknowns such
as redshift, spectral variations among similar ob-
jects, surface temperatures and brightness varia-
tions, atmospheric turbulence, absorption by inter-
stellar media, reddening etc associated with each of
the measurements. This reduces the relative confi-
dence by which a classification can be made.

To quantitatively measure the accuracy in a
prediction, one requires a data for which the actual
classes of the objects and its measurable parame-
ters are known in advance. N. Sajeeth Philip, in
collaboration with Rita Sinha, Ajit Kembhavi and
Ashish Mahabal used a subsample of spectroscopi-
cally determined quasars to measure the accuracy
of the quasar detection problem. Two measures
that completely define the accuracy of a network
are the completeness and contamination in its pre-
diction. Completeness is the fraction of objects in a
class that were correctly classified by the network.
Contamination is the fraction of objects belonging
to a different class that got classified into a target
class. A good algorithm is one which has a maxi-
mum value for completeness and a minimum value
for contamination.

A study done with all the photometric param-
eters available from SDSS DR5 data release showed
that the four colours (u-g,g-r,r-i,i-z) and one magni-
tude (i band) were the best parameters for detect-
ing quasars. This was in agreement with the obser-
vations published by other researchers as well. As
mentioned before, redshift is one source of contam-
ination in the extracted features. This is because
the colours of the same objects change as it gets
redshifted. This causes them to be mistaken for an
object belonging to another class. In the quasar
detection problem, due to redshift, the colour of
quasars and stars merge over one another at a red-
shift of 2.5 and above. This means that the con-
tamination at such redshifts will be much higher
than that at lower redshifts. We used the differ-
ence boosting neural network (DBNN) algorithm
for quasar classification. Using photometric infor-
mation, the network was able to detect quasars at
low redshifts accurately. The contamination from
stars was about 2% and completeness as compared
to spectroscopically detected SDSS quasars in the
region was about 98%.

The classification difficulty at higher redshifts
can be minimized on subdividing the colour space
into smaller regions and using a different network
for each region. Since colour information is avail-
able from photometry, this does not cause any ad-
ditional constrain on the training algorithm. How-
ever, taking into consideration the large data sizes,
this becomes a computationally demanding prob-



lem. A cluster computing system to handle such
data sizes is under development.

Non-linear dynamics

Ambika, G.

G. Ambika, along with Ambika K, has studied nu-
merically the phenomenon of synchronization in
two models of two dimensional discrete systems
by coupling them to three different types of cou-
pling. It is found that linear coupling effectively
introduces control of chaos along with synchronisa-
tion, while synchronised chaotic states are possible
with an additive and parametric coupling, both be-
ing equally relevant for specific applications. The
basin leading to synchronisation in the initial value
plane and the choice of parameter values for syn-
chronization in the parameter plane are isolated in
each case. A detailed analysis of the error function
dynamics was carried out.

They also studied the possibility of simultane-
ous and sequential synchronization of vertical and
horizontal arrays of unidirectionally coupled sys-
tems. The synchronized state was characterized us-
ing variation of synchronization time with coupling
and size of the array. This was worked out in two
systems viz. Gumowski-Mira maps and Predator-
Prey systems In the case of horizontal array for
the former case, the total time of synchronization
can be controlled by increasing the coupling con-
stant step wise in small bunch of units. In the lat-
ter case, synchronized clusters were observed before
total synchronization.

In collaboration with A K Kembhavi and R
Misra of IUCAA and K P Harikrishnan, Cochin
College, Kochi, she has developed an adaptation
of the standard Grassberger- Proccacia algorithm
for estimating the correlation dimension of a time
series in a non subjective manner. This is being
extended to multifractal analysis and applied to
analyze X-ray data from GRS 19154105 and phys-
iological data.

Kuriakose, V.C.

Studies on propagation of electromagnetic waves
through optic fibres and bulk materials find very
wide applications such as optical communication,
optical switching, optical computing etc.. In many
situations ideal systems which are far from reality
are considered. Jisha, Subha and Kuriakose have
tried to consider some real systems and studied
the propagation of electromagnetic waves through
them.

They have studied the propagation of an opti-
cal high power cylindrically symmetric beam in a
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material characterized by cubic-quintic nonlinear-
ity both analytically and numerically. The analyt-
ical results are found to be in very good agreement
with the numerical results.

Another problem studied by them is on the
propagation of spatio-temporal (Light Bullets)
through a cubic-quintic medium. When a pulsed
optical beam propagates through a bulk nonlin-
ear medium, it is affected by diffraction and dis-
persion simultaneously and at the same time the
two effects become coupled through the nonlinear-
ity of medium. Such a space-time coupling leads
to various nonlinear effects like the possibility of
spatio-temporal collapse or pulse splitting and the
formation of light bullets. They could show the ex-
istence of stable light bullets in this medium using
both analytical and numerical studies. They ex-
tended the studies to bulk photorefractive polymer
and showed the existence of incoherently coupled
two dimensional soliton pairs under steady state
condition and soliton pairs can exist under the con-
dition that the two beams are mutually incoherent
and have the same wavelength and polarization.

They have also studied the effect of coupling
of light in a directional coupler formed in a pho-
topolymer. The two waveguides are formed very
close to each other such that there is no interaction
between the two waveguides, except the evanescent
wave coupling between the two waveguides. The
coupled equation describing the beam propagation
has been studied both analytically and numerically.

The study of the dynamics of Josephson junc-
tions is of great interest from theoretical as well
as experimental points of view. The interac-
tion of Josephson junctions with external fields
have played important roles in the development of
chaotic dynamics of Josephson junctions. Chitra
and Kuriakose have investigated the effect of phase
difference of the applied field on the dynamics of
mutually coupled Josephson junctions. We found
that by keeping the value of phase difference as
m, the system exhibits periodic motion for a wide
range of values of system parameters. This may
find applications in devices like voltage standards,
detectors, SQUIDS etc.

Vishwakarma, J. P.

The problem of shock wave propagation in a dusty
gas is of importance in the study of a collision
flow pattern of a coma with a planet. J. P. Vish-
wakarma, in collaboration with G. Nath obtained
similarity solutions for unsteady isothermal or adia-
batic flow behind a strong exponential shock driven
out by a piston moving with time according to
an exponential law. It is found that the assump-
tion of zero temperature gradient brings a profound



change in the density distribution as compared to
that of the adiabatic case. Effects of a change in
the mass concentration of the solid particles in the
mixture and the ratio of the density of solid parti-
cles to that of initial density of the gas are also ob-
tained. In another paper, J. P. Vishwakarma and
G. Nath studied the problem of converging deto-
nation waves in a dusty gas. An expression for
the similarity exponent is determined for the det-
onation wave travelling in the Chapman-Jouguet
regime. It is determined that the presence of dust
particles in the medium has significant effects on
the similarity exponent and the flow variables.

When the flow takes place in extreme condi-
tions, the assumption that the gas is ideal is no
more valid. J. P. Vishwakarma in collaboration
with S. N. Pandey studied the propagation of con-
verging cylindrical shock waves in a non-ideal gas
in presence of an axial magnetic field. Chester-
Chisnell-Whitham’s method is employed to deter-
mine the shock velocity and the other flow vari-
ables in the cases when (i) the gas is weakly ionised,
(ii) the gas is strongly ionised, and (iii) non-ionised
gas undergoes intense ionisation as a result of the
passage of the shock. It is investigated that the
magnetic field and the gas-ionising nature of the
shock have damping effect on the convergence of
the shock It is also concluded that in the case of
non-ideal gas there is generation of higher pressure
near the axis in comparison with that in the case
of a perfect gas.

Rotation of stars significantly affects the pro-
cess taking place in their outer layers. Therefore
questions connected with the explosions in rotat-
ing gas atmospheres are of definite astrophysical
interest. J. P. Vishwakarma in collaboration with
S. Vishwakarma obtained similarity solutions for a
magnetogasdynamic cylindrical shock wave propa-
gating in a rotating medium in presence of a vari-
able or constant azimuthal magnetic field. Initial
density of the medium is assumed to be obeying a
power law and the initial angular velocity to be de-
creasing. Effects of an increase of the Alfven-Mach
number and the variation of the initial density, ini-
tial magnetic field and the initial angular velocity,
on the flow-field behind the shock, are obtained.

Plasma Physics

Kumar, Nagendra

Nagendra Kumar. in collaboration with Pradeep
Kumar, Shiv Singh and Anil Kumar studied the
propagation and dissipation of slow magnetoacous-
tic waves in an inhomogeneous viscous coronal loop
plasma permeated by uniform magnetic field. They
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considered coronal loop as a static, straight, grav-
itationless, low-3 plasma slab with half length L
along the z-axis of the cartesian coordinate sys-
tem taking into account viscosity and thermal con-
ductivity as dissipative processes. The damping
lengths of slow-mode waves exhibit varying be-
haviour depending upon the physical parameters
of the loop in an active region AR8270 observed by
TRACE. Damping length of slow-mode waves with
periods 200 s to 400 s increases sharply for loop
heights 10x 10%m to 3-5x 10 cm from coronal base
and then decreases for the heights 3-5 x 10° cm on-
wards. The wave energy flux associated with slow
magnetoacoustic waves turns out to be of the order
of 10% erg cm 25~ ! which is high enough to replace
the energy lost through optically thin coronal emis-
sion and the thermal conduction below to the tran-
sition region. It is also found that only those slow-
mode waves which have periods more than 240 s
provide the required heating rate to balance the en-
ergy losses in the solar corona and calculated wave
periods for these waves nearly match with the os-
cillation periods of loop observed by TRACE.

Observations have indicated that mag-
netic reconnection may occur frequently in the
photosphere-chromosphere region as well as in
the solar corona. The magnetic reconnection in
chromosphere region via tearing instability has
been studied by Nagendra Kumar along with his
student Pradeep Kumar. In three dimensions this
instability leads to the formation of islands, which
suggest that the isolated loops of magnetic flux
can leave the reconnection region in any direc-
tion. The rate of magnetic reconnection in terms
Alfvenic Mach number has been estimated. They
also calculated the growth rate of tearing mode,
island length scales, and energy dissipation rate
necessary to heat the chromospheric plasma and
found that the magnetic Reynolds number for the
current sheets in the photosphere-chromosphere
region varies from 1.14 x 103 to 1714 x 107. The
field lines in the photosphere and chromosphere
reconnect with speed that is 0.00034 to 0.0297
times the Alfven speed. Frequency of MHD waves
generated in the chromosphere reconnection region
is of the order of 100 Hz and these high frequency
waves may be the source of coronal heating and
solar wind acceleration. The hot flowing plasma of
these waves in the solar wind disr