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Let us start by checking our clocks

Take a look and tell me how
precise is your clock?




Let us start by checking our clocks

Take a look and tell me how
precise is your clock?

a) 1s
b) 0.5s
c) 0.1s

d) None of above

Ticks from clock

Time



Pulsars are extremely precise clocks
Time keepers in sky

Pulse Amplitude

Ticks of a pulsar clock

!

Pulses received from the pulsars

!

Pulse Period
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v’ Pulsars in a nutshell
v Neutron stars and pulsars - Early History 1930-1970

v Formation of pulsars
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Radio pulsars

Interstellar dispersion effect
Pulsar classification: normal pulsars and MSPs
Pulsars as astrophysical tools
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v Investigation of emission mechanism
v' Transient emission from neutron stars : RRATs



Pulsars in a Nutshell

Radio ,
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Light Houses Pulsars are interstellar light houses
Pulsars are \;i i,
Q

Rapidly rotating - Ims to 10s -- faster than kitchen blender

Strongly magnetised - 108 to 10 G -100 billion times earth

Neutron stars - stellar undead of mass ~ 1.4 Mg compressed to ~15 km
Very dense :500,000 earth masses in < 2 times Pune University



How preciselly one can measure pulsar period?

86 JO525-6607 cdp+80 8.0470 2 kkm+03 6.5E-11 5 kkm+03
87 BOS525+21 sr68 3.74551267840 3 hlk+04 4.003633E-14 8 hlk+04

mACanN £4 el =l OD N N2C29ANnCacD0 mVoeae 1 14 4 cCcmnm 4 A mToeee + 14

Pulsar PSR J0613-0200:

v" Rotation period: 0.00306184403674401 +/- 0.00000000000000005 sec

v" The precission we know it's period allows us to predict the arrival times of all
incoming pulses for long (the next 10 million years)!

v' It is the order of magnitude simillar to the best atomic clocks used on Earth!

101 JO0611+30 cnst96 1.412090 3 c¢nst96 * 0D =

102 BO6GOS+37 stwdB5 0.29798232657184 18 hilk+04 5.94681E-17 18 hilk+04
103 JO613-0200 1nl+95 0.00306184403674401 5 tsbh+99 9.572E-21 5 tsbh+99
104 BO611+22 dls72 0.33495996611 16 hlk+04 5.94494E-14 12 hlk+04
105 JO621+1002 cnst96 0.028853860730 1 sna+02 4.732E-20 2 sna+02
106 BO621-04 mlt+78 1.039076475 15 hlk+04 8.30442E-16 12 hilk+04
107 JO625+10 cnst96 0.498397 3 c¢nst96 * 0D =

108 BO626+24 dth78 0.476622636038 4 hlk+04 1.99573E-15 3 hilk+04
109 BO625-28 1vwb9a 1.244404859615 8 hlk+04 7.1229E-15 3 hilk+04
110 JO631+1036 zowl96 0 72559545 10 hlk+04 1.046836E-13 3 hilk+04
111 JO633+1746 hh92 .237093230014 14 hsb+92 1.097495E-14 14 hsb+92
112 JO635+0533 cmn+00 0.033856495 12 cnn+00 * 0 =

113 BO643+80 dbtbB82 1.2144405115160 20 hilk+04 3.798787E-15 15 hilk+04
114 BO656+14 mlt+7 0.384891195054 5 hilk+04 5.500309E-14 3 hilk+04
115 BO655+64 dth B 0.19567094516627 16 hlk+04 6.853E-19 12 hlk+04

From ATNF pulsar catalogue: http://
atnf.csiro.au/research/pulsar/psrcat/

Seventeefith significant digit!!!
The fastest pulsar is PSR J1748-2446ad, which is rotating 713 times per second.



Neutron Stars and Pulsars - Early History
Time line : 1930 - 1970



Neutron Stars and Pulsars - Early History

Walter Baade & Fritz Zwicky 1934

Proposed existence of a new form
of star : neutron star

Franco Pacini 1967

Rapid rotation of highly magnetised
neutron star as the energy source




Neutron Stars and Pulsars - Early History

Jocelyn Bell (graduate student), Antony Hewish et al. 1967

Ftut Ctusﬂsﬁm o‘ ps’hl
D LR I '
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Discovery of radio pulsars ——> Nobel Prize in 1974



Neutron Stars and Pulsars - Early History

Franco Pacini 1968

v"Pulsars” are formed after
supernovae explosion |




Neutron Stars and Pulsars - Early History

Tommy Gold 1968
: Pulsars are rotating neutron stars

Lighthouse model of pulsations




Formation of pulsars

Pulsars are,
rapidly rotating Strongly magnetised Neutron stars
emitting beams of radio waves towards the Earth

Neutron stars are remnant of a massive star that has ended its life.

A star is born in a place with gas and dust and spend most of the time as

Main sequence star. This is where the sun for last billion years and is
right now.

Main sequence star converts H to He and the energy supports them
against the gravitational collapse. When they run out of H they become
giant star and then they become super giant star.

There is no more H to burn and gravity makes the star collapse in an
explosion called a supernovae.

If the initial star is 8 to 10 times solar mass then it will become a
neutron star



Formation of pulsars

Life cycle of low mass and high mass stars

Main sequence star with Red giant
low mass e.g. the Sun ) : S,

.. 'Q » y s
r O — : = @ . mmp @ White dwarf
Star forming \ “ ¢ b g N
. ﬁ 3

Planetary
. ﬁ

Black hole

nebula

l 0 Protostar

-
¢ o) . -\. '&" '-_
.

Main sequence star with
a high mass e.g. Rigel

Red supergiant

e S

Neutron star

Supernova

Credit: http://www.alevelphysicsnotes.com/astrophysics/deadstars.html



Radio pulsars



Pulsar‘s : Rapidly rotating strongly
magnetized neutron stars

Magnetic field of refrigerator = ?
Magnetic filed of typical bar magnet = ?
Magnetic field of Earth = ?

Magnetic field of Sun =?

Strongest magnet in Earth = ?

Magnetic field of Neutron star = ?

(<) N ..I'im mer

Rotation
axis :
4 Open field lines :

Unseen cone of emission

Emission Geometry of pulsars
| V~C
Light Cylinder



Pulsar‘s : Rapidly rotating strongly
magnetized neutron stars

Neutron stars : Highly magnetized laboratories
in sky

Rotation
axis :
4 Open field lines :

Magnetic field of refrigerator = 100 6

Magnetic filed of typical bar magnet = 10-100 G

Magnetic field of Earth=0.56

Magnetic field of Sun=0.3 6 /

Strongest magnet in Earth = 25,0000 6

Unseen cone of emission

Magnetic field of Neutron star 108 to 10° G Eirnission Geometry of pu|$:a,~s
-100 billion times Earth ’ olle

Light Cylinder



Interstellar dispersion effect:

Interstellar medium

!

Dispersive medium for radio waves

Different radio frequencies travel
at differnet speeds

Frequency (MHz)

1500

1400

1300

l L] I ] L L] L] '

Taken from "Handdook of Pulser Astronomy” by Lorimar & Kramer

[ 1 'l ' L 1 1 1 Fl

0 0.9 1

Pulse phase (periods)

60 40 20

Channel Number

80



Frequency (MHz)

1500

1400

1300
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r_]\T:en from "Handvook of Pulsér Astronomy” by Lorimar & Kramer
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Interstellar dispersion effect:

Interstellar medium (in fact
the free electrons init) is a
dispersive medium for radio
waves.

Radio waves of different
frequencies have different
speeds, while traveling
through such medium

The effect is such, that the
pulse comes at higher
frequencies first (the speed
of its travel is higher),

at lower frequencies later.

Pulse phase (periods) Correction of this effect is called de-dispersion



Pulsars Rapidly rotating strongly

14

12

Pulse Amplitude

8

magnetized neutron stars
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Pulse Period

Average pulse profile of pulsars
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Dispersion measure (DM)

DM is defined as the integrated line of sight electron column density.
Each pulsar has its own DM value.

~d
DM — / n.dl
JO)

v' Dispersion measure tells us about the space between Earth and the pulsar.
Electrons in the ISM disperse the pulsar's signal (hence the name "dispersion
measure"), causing lower observing frequencies to arrive later than higher
observing frequencies.

v The dispersion measure is a way of telling us how many electrons the signal
encountered on it's way to Earth. The larger the dispersion measure, the more
electrons the signal encountered.

This could happen for two reasons - either the pulsar is very far away,
or the density of electrons in the space between Earth and the pulsar is
relatively high.

Correction of this dispersion effect is called de-dispersion



De-dispersion

Correction of dispersion effect

DM
At =

I

2.41 x 104

E

Vlow

>
Vhigh

)

Input: raw data

Output: de-dispersed time series

Folding

Combine many pulses together
to build up detectable signals

MMJE.MMUWWMMMN

sec e(]c(JuSc(Ge( se(BuQe(lOu(

"

- |

Input: de-dispersed time series
Output: average profile

Credit : http://pulsarsearchcollaboratory.com/wp-
content/uploads/2016/01 PSC_search_guide.pdf



Muldple

Profile
Phenomenological models of J\N\/\ _
ingle
pulse shapes produced by different > j@
LOS CU"’S across The beam M Systematically distributed emission component

(1) Core - Conal Model
(Rankin 1993)

2 Sample Line of sight
‘Inner S

(2) Patchy beam Model

l: ! Cone ;
(Lyne & Manchester 1988) ’. :
': < Quter
i Cone
Singl
prlgi%ﬂz A SampleLmeof sight
Multiple J\J\/L _________________
profile
Double J\/\
profile

Randomly distributed emission components



Pulse profiles : Looking down on the polar cap

LOS cuts with corresponding pulse profiles



P-Pdot diagram of Neutron stars
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Millisecond pulsars :back from Dead
® Binary system

v" Millisecond pulsars are a small
population compared to the normal
pulsars with period ~ millisecond,
magnetic Field ~10°G

® v Majority of MSPs are in binary
MSPs are detected in the radio,
10 x-ray and gamma-rays
|1 v" Origin of millisecond pulsars is yet

et not pinned down.
A log B Leading theory :
MSPs begin their life as longer

- -16 period pulsar but are spun up or

¢ recycled through accretion
& craveyara| 18 thus millisecond pulsars are often
R L aETE called recycled pulsars.

| | , , 20
3 -2 1 0 I MSPs considered as Celestial GPS



Binary and isolated MSPs

v Majority of MSPs are naturally expected to be in binaries
about 81% of MSPs are in binaries

What about Isolated MSPs?

v' Isolated MSPs are conceived to be formed in binary
systems where the pulsar radiation can ablate the companion

"Black widow systems"” - Missing link between
Binary and isolated MSPs

27



Pulsars as astrophysical "tools”

v" Time keeper in Sky: Due to their physical properities pulsars are (in most
cases) VERY stable rotator
pulses > ticking of cosmic clocks precise up to 1 s in about 31 million years
Examples of Pulsar Clocks in Earth

v' Sensitive GW detector: Combined observations of many pulsars to detect
Gravitational wave

v' Probs of matter in extreme state: can treat pulsars as naturally created

probes of specific conditions in which they exist - i.e. strong gravitational
fields.

v" Investigation of dynamics - especially the movement caused by external
forces. This includes binary systems, and globular clusters dynamics.

v" Probes of space-time

v" Probes of interstaller medium

Pulsars — Marvellous Probes



MSP as a Probe to fundamental

Create GW with http://gravcalc.org/#/

-10

physics

> Equation of state at nuclear density

> Gravitational wave detection

> Interstellar medium

> Binary evolution

» Plasma physics (eclipse and maghetosphere)
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TOP 10!

B1919+21 : First pulsar discovered in 1967

B1913+16 : The first binary pulsar (Hulse-Taylor binary pulsar)
Orbit is decaying at the exact rate predicted due to emission of
gravitational radiation by general relativity

B1937+21: The first millisecond pulsar
J0437-4715 : The brightest millisecond pulsar, with very stable period

B1257+12 : First millisecond pulsar with planets

JO0737-3039 : Double pulsar system

B1748-2446 : Pulsar with shortest period, 716 Hz

J1311-3430 : First MSP discovered via gamma-ray pulsations, part of binary
system with shortest period

J1023+0038 : Transition between the LMXB and MSP state



Search for Pulsars

Reference: Chapter 6; Handbook of Pulsar Astronomy
Lorimer and Kramer



Pre-requisites for searching
of millisecond pulsars

» 3-D search:
« search in dispersion delay in order to compensate ISM effect

%+ searching for periodicity in time-series data using spectral domain
search algorithm
<+ search in acceleration (required in case of binary objects}

1. High time resolution data recording facility (~micro secs)
2. Managing Large data volume ~ 1TB per epoch of observation

3. Compute intensive search analysis

3-D search is very expensive ~ 3.5 Tflops over the same range of DM grid
(1200 values)

On a single Desktop 1hr of data (~ 60 GB) takes ~ 1280 hours
On typical High Performance compute cluster 1 hr of data takes ~ 10 hrs

v’ 217600 CPU hrs of GMRT search data analysis ~ 25 years on single CPU I



Pulsar Search Problem

Two popular ways to search for pulsars

v’ Targeted search : With apriori knowledge of position

v Blind search : With out apriori knowledge of position




Pulsar Search with GMRT

Pulsars are faint — surveys are sensitivity limited - array of telescopes

GMRT being the largest array telescope
- have potential to undertake sensitive pulsar searches

Explored in past resulting in discovery of 5 pulsars (2002-2009)-
a pulsar in Globular cluster (Freire et al. 2004)

a pulsar in supernovae remnant (Gupta et al. 2005)

3 pulsars in 610 MHz blind search (Joshi et al. 2009)



Pulsar Search with GMRT

v’ Targeted search : With apriori knowledge of position

g

Fermi directed targeted searches

v Blind search : With out apriori knowledge of position

GHRSS survey :
GMRT High Resolution Southern Sky survey for pulsars and transients




Fermi y-ray Space Telescope

Large AreaTelescope (LAT)
20 MeV ->300 GeV

Established pulsars as dominant y-ray sources in Milyway

(Atwood et al. 2009, ApJ, 697, 1071)

Fermi-directed pulsar searches

1) Catalogs of unassociated y-ray point sources

2) These sources are rank ordered according to
their likeliness of being pulsars

3) Radio telescopes all over the World searches for
pulsations from these sources as part of Fermi
Pulsar Search Consortium (PSC)




~ Fermi pulsar search consortium (PSC)

Low frequency facility

Parkes (Australia)

Green Bank (USA)



- Fermi pulsar search consortium (PSC)

Fermi Pulsar Search Consortium efforts sy >100 new MSPs
GMRT discovery (2012 to 2014) =y 7+1 MSPs

Cumulative Number of Known Field MSPs
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Fermi directed radio searches
Team GMRT: Bhattacharyya, Roy, Ray, Gupta, Bhattacharya, Ferrara

+PSC | =
Source selection:  Observations: Analysis: Result:

Fermi GMRT HPC Pulsar discovery

Eclipsing Black-widow pulsar

Provides clue on isolated MSP formation
GMRT discovery

Bhattacharyya et al. 2013

FFFFF ’ Note : LOS stands for Line-of-sight
Artistic impression of a Black Widow system with real data of the discovered MSP



J1544+4937 : Third eclipsing black widow !

Time-averaged Pulsar profile

|| [—

PSR J1544+4937 is in a “Black Widow” system :
v Orbit is very tight (2.8 hrs)
v’ Eclipses ~ 10% of its orbit by a very low-mass companion

nme (s)

Phase Note : LOS stands for Line-of-sight

Artistic impression of a Black Widow system with real data of the discovered MSP



~ Seven MSPs discovered at GMRT from 2011-2013
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Significance of MSP discovery

<+ Enhance the population of MSPs that can contribute to International Pulsar
Timing Array designed to study the gravitational wave background

< With the increased population of MSPs the number of MSPs in special
Evolutionary phases would increase and hence will allow a more detailed study
of evolutionary processes leading fo MSP formation.

e.g. the black widow system discovered by us will aid to track evolutionary
history of isolated MSPs

< Simultaneous study of gamma-ray and radio light curve Lag, lead or
alignment of gamma-ray and radio profile can lead to the question of offset
or co-location of the emission radio and gamma-ray regions



~ Major ongoing low-frequency survey

‘Table 1. A summary of some of the ongoing pulsar surveys sensitive to millisecond pulsars and those on the near horizon.

telescope name frequency (MHz) status

Arecibo PALFA ~1400 ongoing [23]

FETa L s - g omg [24] ...............................................................................
EffelsbergHTRUN .................. ~14000ngomg[25] ...............................................................................
AT trgeted  wideband started (http://crafts bao.ac.cn/pulsar/fast_all_pulsar_list/)
FAST widearca ~ ~M00 started (http://crafts.baoac.cn/pulsar/fast_all_pulsar_list/)
s o s - g omg [26] ...............................................................................
T e ~3150ngomg[27] ................................................................................
T VT s - g omg (http//wwwastronnI/Iotaas/) ...................................
T s ongomg[28] ...............................................................................
‘MeerkAT  TRAPUM ~4003000  inpreparation (http://rapumorg)
e ~1400completeprocessmgongomg[29] ............................................
T G ~14000ngomg[30] ...............................................................................
targetedFermuUIstanousongomg(http//tmyurlcom/fermlpulsars/) ...............................

Stappers et al. 2018



Target Sky _
Entire southern sky visible _ |
to GMRT (Dec 0 to -54)

Periodicity Search

® Fermi-directed

i ® GHRSS -

60

18 pulsars (started 2014)
2 MSPs

2 mildly recycled pulsars
1 with y-ray emission

5 pulsars with uGMRT

-180-150-120 -90 -60 -30 0 30 60

-30

—60

90 120 150 180

| 1 1 1 1 | 1 1 1 1 |

1st MSP from uGMRT e

0 1 2

st
15' RRAT from GMRT Bhattacharyya et al. 2016,
Astrophysical Journal, 817, 130

Bhattacharyya et al. 2019,
(accepted by Astrophysical Journal)

Webpage :

www.ncra.tifr.res.in/ncra/research/research-at-ncra-tifr/research-areas/pulsarSurveys/GHRSS




| Discoveries from GHRSS survey (one of the highest discovery réte)
Probing a different luminosity distribution?

5. A

Pulsar name Period | Dispersion measure | Detection significance | Flux density?
(ms) (pc cm™?) (o) (mJy)
PSR J0418—4154 | 757.11 24.5 50 10.3
Y12y sy PSR J0514—4407 | 320.7 15.4 42 9.7
pulsation PSR J0702—4956 | 666.66 98.7 30 15.7
PSR J0919—42 812.6 57 19 6.4
PSR J0941-43 | 447.7 105.5 53 2.3
PSR J1023-43 | 454.3 62.7 38 1.6
PSR J1239—48 653.89 107.6 21 0.4
MSP sy PSR J1243-47 5.31 78.6 18 0.9
PSR J1255—46 52.0 42.9 12 0.8
Mildly o PSR J1428-42 | 234.7 66.0 41 1.8
recycled PSR J1456—48 536.81 133.0 15 1.2
Mildly =y PSR J1516—43 36.02 70.25 9 0.7
recycled PSR J1559—44 1169.89 122.0 8 1.7
PSR J1708—52 449.62 102.6 9 1.4
PSR J1845-40 | 324.18 68.4 11 1.5
PSR J1726—52 631.84 119.7 8 0.7
RRAT J1850-48 23 - -
PSR J1947—43 180.94 29.9 17 4.7
MSP =) PSR J2144-5237 | 5.04 19.0 9 1.6
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GHRSS survey for last 5 years

GHRSS1 (0.5 mJy) GHRSS2 (0.3 mJy) SKA1 (0.05 mdy)

10% SKAT1 1/5th SKA1

13 pulsars discovered 5 pulsars discovered 9000 pulsars (prediction)
5 1 pulsar per 20 hrs —5 1 pulsar per 20 hrs 5 1 pulsar per 2 hours

— — ee——
GHRSS-Phase2 survey ———
GHRSS-Phase1 survey ——
GBNCC survey ———

HTRU survey

10 GMRT-FERMI survey

Discovery rate:
0.008 per sq deg

|

Comparable to
other surveys

Fermi directed survey
2011-2014: 8 pulsars

GHRSS-1 survey
2014-2017: 13 pulsars

GHRSS-2 survey 2017+: 5 pulsars

Minimum detectable flux density (mJy)

1 10 100
Pulsar period (ms)



Timing of pulsars

Reference: Chapter 8; Handbook of Pulsar Astronomy
Lorimer and Kramer



Pulsar Timing - a cryptic name for a very simple procedure

So, how to measure pulsar period?

v" How to measure how long is a second on your pulsar watch?

v" Prediction and observation of pulse arrival time (TOA)

v' Pulsar timing model - a collection of the important
physical parameters, describing its rotation, movement
efc.



How the timing actually works

Time of Arrival (TOA) is the moment in time, when the pulsar reaches some
arbitrary decided phase (usually close to the pulse maximum).

imes of Arrival (TOA's) for consecutive'pulses

e A el e

Rotation axis

Mean Pulse Profile

7§\ = VRN TOA | |
! P ; - |
O Tle\L()p\ y, ' 2
. — \ l
Neutron star )

A— — _ Reference clock

Radio beam _ De-dispersion &

On-line folding

Rccm\'cr




Now it is necessary to apply corrections to your TOA's (basically subtract your
observatory position and movement).

Finally, with a proper timing fit, this is what you would like to see - nothing but
white noise, which is due to the TOA measurement uncertainties comming mainly
from the receiver noises (and the pulsar itself) .

—~~
)
)
—
o
3
9
‘w
)
0

Epoch (years)

If the residuals show only the white noise - this means, that we know

everything there is to know about the pulsar (at least from the timing point of
view).



How preciselly one can measure pulsar period?

86 J0525-6607 cdp+80 g.0470 2 kkm+03 6.5E-11 5 ik
87 BOS525+21 sr68 3.74551267840 3 hlk+04 4.003633E-14 8 hlk+04

mACanN £4 el =l OD N N2C29ANnCacD0 mVoeae 1 14 4 cCcmnm 4 A

Pulsar PSR J0613-0200:

v'Rotation period: 0.00306184403674401 +/- 0.00000000000000005 sec
v'The precission we know it's period allows us to predict the arrival times of all
incoming pulses for long (the next 10 million years)!

v'It is the order of magnitude simillar to the best atomic clocks used on Earth!

101 JO611+30 cnst96 1.412090 3 c¢nst96 * 0D =

102 BO60S+37 stwdB5 0.29798232657184 18 hilk+04 5.94681E-17 18 hilk+04
103 JO0613-0200 1nl+95 0.00306184403674401 5 tsbh+99 9.572E-21 5 tsh+99
104 BOG611+22 dls72 0.33495996611 16 hlk+04 5.94494E-14 12 hlk+04
105 JO621+1002 cnst96 0.028853860730 1 sna+02 4.732E-20 2 sna+02
106 BO621-04 mlt+78 1.039076475 15 hlk+04 8.30442E-16 12 hilk+04
107 JO0625+10 cnst96 0.498397 3 c¢nst96 * 0D =

108 BO626+24 dth78 0.476622636038 4 hlk+04 1.99573E-15 3 hilk+04
109 BO628-28 1vwb9a 1.244404859615 8 hlk+04 7.1229E-15 3 hilk+04
110 JO631+1036 zowl96 0 72559545 10 hlk+04 1.046836E-13 3 hilk+04
111 JO0633+1746 hh92 .237093230014 14 hsb+92 1.097495E-14 14 hsb+92
112 JO635+0533 cmn+00 0.033856495 12 cnn+00 * 0 =

113 BO64A3+50 dbtbh82 1.2144405115160 20 hilk+04 3.798787E-15 15 hilk+04
114 BO656+14 0.384891195054 5 hilk+04 5.500309E-14 3 hilk+04
115 BO6G55+64 0.19567094516627 16 hlk+04 6.853E-19 12 hilk+04

From ATNF pulsar catalogue: http://
atnf.csiro.au/research/pulsar/psrcat/

Seventeefith significant digit!!!
The fastest pulsar is PSR J1748-2446ad, which is rotating 713 times per second.



Timing parameters of two pulsars discovered with
the GMRT

Bhattacharyya et al. 2019

Name

J0514—4408

J2144—5237

Gated imaging position*

Right ascension (J2000)..............covnn

05814™515.84(1.04)

21144™39° 2(65°.7)

Declination (J2000).........c.coviiiinan... —44°07'06"51(8"4) —52°37'32717(3"8)
Parameters from radio and «-ray timing*
Right ascension (J2000).............c.coven.n. 05%14™525190(3) 21744™35%65(6)
Declination (J2000) .. ......overeeerenennnn... —44°08'37"38(2) —52°37'07"53(2)
Pulsar frequency f (Hz) ..................... 3.122357486324(6) 198.3554831467(9)
Pulsar frequency derivative f (Hz s~1)....... —1.99080(1)x 1014 —3.50(2)x 1016
Period epoch (MJD) .........cooiiiiiiiine.. 57330 57328
Dispersion measure DM' (pc em™®) .......... 15.122(6) 19.5465(2)
Binarymodel ........ ... ...l — ELL1
Orbital period P, (days) .........cccovuvnen... — 10.5803185(2)
Projected semi-major axis z (lt-s)............ — 6.361098(1)

Epoch of ascending node passage Tasc (MJD)
Timing Data Span

Number of TOAS ...,
Reduced Chi-square ..................cvn...
Post-fit residual rms (ms)....................

54715.2—58271.5
155
1.4
0.459

57497.785577172346066(1)
57167.9—58245.1
217
2.9
0.024




Timing parameters of two pulsars discovered with

! ‘:u.‘- .. ™ .\. ‘; -. ...“
" Research 5"' \ .

[ Model: 1DR329 11N, < )

| Made inUSA [EEEL. BN O

the GMRT

Pulsar Timing

Derived parameters

Bhattacharyya et al. 2019

How to measure magnetic field of a bar magnet ?

How to measure magnetic field of pulsar ?

Period (ms) .....vviiiiiiiiiiii i
Period Derivative (s/s) .........ccovviiiiin...
Total time span (Yr) ......ccovviiiinenennns
Spin down energy loss rate E (erg/s).........
Characteristic age (yr).....coovviviiiiennn..
Surface magnetic flux density (Gauss)........

Rotation measure (rad m=2) .................
DM distance (kpe)* ..o,

320.270822408985(6)
2.04203(2) x 10713
9.7
2.4x10%3
2.5x10°
8.2x 1011
17.3
0.8
0.9

5.04145377851813(2)
8.89(7) x 102!
2.9
2.7x10%3
8.9x10°
2.1x108
25.1
0.8
1.6

DM distance (kpe)*' ...
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Follow,up study.of,GHRSS-pulsars:-Jin
S 2. KL e

PSR J0514-4408 (wms = 459.369 us) post-fit J2144-5237 (Wrms = 24.937 us) post—fit
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Combined radio-gamma ray timing residual Timing residual for MSP J2144-5237

for PSR J0514-4408

Black points : legacy system (32 MHz bandwidth)
Red points : uGMRT (200 MHz bandwidth)
Blue points : Gamma-ray residual with Fermi LAT




What do we learn from pulsar timing?

We can learn a lot by just timing the solitary pulsars:

their sky coordinates

their movements

their age

their evolutional stage (and of course the overal evolution of a pulsar)
their magnetic fields

details of their births (natal kicks)

their associations with supernova remnants

their galactic distribution

the galactic distribution of free electrons (from the dispersion measure)
also about neutron star interiors..

VV VYV YV YV VYV VY

But that is only a beginning. It gets more interesting with the binary pulsars...

> Eccentricity of the orbit

> Semi major axis

> Orbital period

> Planets around pulsar

And lots more depending on the particular system



Pulsar timing array for detecting Gravitational wave

Measuring the Gravitational waves:
(assuming, that we can achieve timing precission of ~100d|s).

Pulsars
* / ‘
. Y d
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N Y
X 7
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Imaging of pulsars



Pulse amplitude

Declination (J2000)

Pulsar gating

Roy & Bhattacharyya 2013, ApJL
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Investigation of pulse emission mechanism



Drifting & Nulling

Sequence of pulses

Subpulse : Individual pulses are composed PSR B0950+08 PSR BOB09+74
of narrower emission features [T T o2 [T T
=4
> Drifting: | | =
Subpulses appear in progressively =~
changing longitude & follow pulsar specific : | =———=5=—— | :
pGTTernS = ;::t;{]}/ ==
._.__‘_.‘_.MW»?_NV_._M\_ =) =
Weltevrede et al. (2006) , (2007) : == == M
some kind of drifting behaviour is 05 | = | | _
seen in a large number of pulsars LT pibuareranl B PR

Pulse Phase (degrees) Pulse Phase (degrees)

Drifting is intrinsic property of the emission mechanism

» Nulling: pulse intensity suddenly drops abruptly returns
Reason for such switching off is not known...and is subject to investigation

Mechanism of nulling is expected to be very closely tied with pulse emission
mechanism



Emission models

Broadly emission models can be divided into three
different families that place emitting regions at
different locations of pulsar magnetosphere

Polar cap model (for radio and gamma-ray emission) :
Radio and Gamma ray photons are produced closed

to neutron star surface
(Daugherty & Harding 1996)

Outer gap model : Gamma-ray emission near light
cylinder (Romani & Yadigaroglu et al. 1995)

Slot-gap model : Gamma-ray emission due fo particle
acceleration occurs in a region bordering the open
field lines.

two-pole caustic model
- geomeftrical realization
(Muslimov & Harding 2004; Dyks & Rudak 2003}

—— Light cylinder

= 130 stellar radii

A

Rotation axis

star_|

-

I
-

Magnetic
field

=

i Annular gap
~  reglon

<. Polar | \
¥ cap '
! region
Neutron / ¥

Z Slotgap |

region |
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" field lines /
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Remarkable drift pattern of PSR BO818-41

Single pulses at 325 MHz (regular drifting) Single pulses at 325 MHz (irregular drifting)

éf .”,MWHE>Thr'eedr'if‘rr'egions %M
U s e | Inner region: 3 - ]
_ iy 4 Multiple drift bands g
I | Outer region: s _

| Single drift band
& | > “Phase locked” drift [ ‘
n ~ | regions g

» Frequent Nulls

Pulse Phase (deg) Pulse Phase (deg)

Synchronised drifting of subpulses from multiple rings of emission from pulsar
magnetosphere (e.g. BO818-41, BO826-34) : constrains to pulsar emission models

Electromagnetic conditions in magnhetosphere responsible for radio emissions
emission reach a well defined state during or towards end of each nulls:
Reset of pulsar’'s radio emission engine takes place

Bhattachraryya et al. 2007, 2008, 2009, 2010 MNRAS



Amplituae
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Neutron star as transients

Rotating Radio Transients
(RRATS)



Discovery of RRATs

RRATs are discovered while processing data from
Parkes Multibeam Pulsar Survey

J1819-1458; DM = 194 pc cm™3

DM Channel

1 f 1 1 L
Q [+ 1] 1000 =UGDh
Time (a)

No periodicities detected in FFT/FFA! _
McLaughlin et al. 2006, Nature, 439, 817



RRATSs?

Observable from RRATs

ssion
V~C
Light Cylinder

Occasional flashes of dispersed emission

!

Periodicities derived from single pulse arrival times

112 known RRATs

v Spin Period: 0.125s to 7.7s mmss Neutron Stars

v' DM: 9.2 pc cm=3 to 554.9 pc cm™

v Spin Period derivative: 5.7x10-13to 2.9x10-'* (known for 29)
v Galactic origin

Parameters for known RRATS astro.phys.wvu.edu/rratalog



Detection
of RRAT pulses
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Period derivative (s/s)

1e-10 |

1e-12 -

1e-14 >

1e-16 ~

1e-18 |

1e-20

RRATs in P — P Diagram

-

T

' knownpulsar
b, known RRATs
.. RRATs in this study

the pulsar "graveyard"

0.1 1
Pericd (s)

10

Our sample

Bhattacharyya et al. 2018



Timing of RRAT J1819-1458

Banded residual
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Simultaneous multi-frequency
study of RRATs with the GMRT
in progress

Right : Single band residual
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Pulsar Research last 50 years

Discovery of pulsars : .
gell ep’r al. 1968, Nature, 217, 709 + Fast Radio

Hewish, Buret

ursTs
Vacuum Gap model pulsar radio radiation: : :
Ruderman & Sutherland 1975, ApJ, 196,51 *+ Rotating radio
Discovery of pulsar in a binary system: Transients
Hulse & Taylar, 1975, ApT, LB1 + MSP-LMXB

, . transitioning systems
Discovery of the 15" Millisecond pulsar:
Becker, Kulkarni et al., 1982, Nature, 300, 615

Discovery of the 15" extrasolar planet around PSR J1257+12:
Wolszczan, Frail, 1992, Nature, 355, 145

Discover¥ of the double pulsar system:
Burgay et al. 2004, Science, 303, 1153

Synchronous X-ray and radio mode switches of pulsar
magnetosphere of PSR B0943+10 :
Hermsen et al. 2013

Pulsar research in different directions :

2 Nobel prizes : 1 on discovery of pulsars( 1974), 1 on discovery of Hulse-
Taylor binary (1993)

More than 50 Nature papers
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o Contact :
> Bhaswati Bhattachrayya
| Email:
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