Legacy Pulsar Surveys

Why more pulsars?

- Science frontiers

New prospects:
- Known pulsars are periodic transients

- Aperiodic pulsar transients (RRATs, bursters,
etc.)

Massive surveys:
- Recent past, present and future
- Follow up: time them, locate them (VLBI)
- Cross-LA: especially gamma-rays (GLAST)
Data management:
- Analysis and archival of massive data sets

- Mining of intermediate data products
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Pulsar Science

Extreme matter physics
- 10x nuclear density: teaspoon — 108 tons
- High-temperature superfiuid & superconductor
- B~ B, =4.4 x 10" Gauss
- Voltage drops — 102 volts
Relativistic plasma physics
- Magnetospheres
- Radiation mechanisms
Tests of theories of gravity
Gravitational wave detectors
Probes of turbulent and magnetized ISM (& IGM)

End states of stellar evolution
- Massive stars = neutron stars or black holes
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A Double-Pulsar System: A Rare
Laboratory for Relativistic
Gravity and Plasma Physics

A. G. Lyne,’* M. Burgay,” M. Kramer,' A. Possenti,?*
R.N. Manchester,® F. Camilo,® M. A. McLaughlin,” D. R. Lorimer,’
N. D'Amico,?7 B. C. Joshi,? ). Reynolds,® P. C. C. Freire®

The clocklike properties of pulsars moving in the gravitational fields of their
unseen neutron-star companions have allowed unique tests of general relativity
and provided evidence for gravitational radiation. We report here the detection
of the 2.8-second pulsar J0737 —30398B as the companion to the 23-millisecond
pulsar J0737—3039A in a highly relativistic double neutron star system, al-
lowing unprecedented tests of fundamental gravitational physics. We observed
a short eclipse of J0737—3039A by J0737—3039B and orbital modulation of the
flux density and the pulse shape of J0737—3039B, probably because of the
influence of JO737—3039A's energy flux on its magnetosphere. These effects
will allow us to probe magneto-ionic properties of a pulsar magnetosphere,

www.sciencemag.org SCIENCE WVOL 303 20 FEBRUARY 2004
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Fig. 3. The observa-
tional constraints on
the masses m, and
mg. The colored re-
gions are those that
are excluded by the
Keplerian mass func-
tions of the two pul-
sars. Further con-
straints are shown as
pairs of lines enclosing
permitted regions as
predicted by general
relativity: (i) the mea-
surement of the ad-
vance of periastron w,
giving the total mass
m, + mg = 2.588 *+
0003 M, (dashed
line); (ii) the measure-
ment of R = m,/mg =
xg/x, = 1060 =
0.006 (solid line); (iii)
the measurement of A e
the gravitational red- 1.2 1.34 1.3 1
shift and time dilation e
parameter v (dot-dash - 1 1.G C

line); (iv) the measure-

ment of Shapiro pa- Mazs & (Mg,,)

rameter r giving my = 1.2 * 0.3 M, (dot-dot-dot-dash line); and (v) Shapiro parameter s (dotted
line). Inset) An enlarged view of the small square that encompasses the intersection of the three
tightest constraints, with the scales increased by a factor of 16. The permitted regions are those
between the pairs of parallel lines, and we see that an area exists which is compatible with all
constraints, delineated by the solid blue region.
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pulsars
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Birth Rates and Population Numbers

Ngetectable = fp X R X Tyaqgio

/

The SKA has high detection
probabilities for most of these
objects

— “full Galactic census” of these
NS sub- populations
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©®  The SKA as a Pulsar/Gravity Machine

Relativistic binaries (NS-NS, NS-BH) for probing strong-
field gravity

Orbit evolution of pulsars around Sgr A*

Millisecond pulsars < 1.5 ms (EOS)

MSPs suitable for gravitational wave detection

100s of NS masses (vs. evolutionary path, EOS, etc) 80"

Galactic tomography of electron density and magnetic
field; definition of Milky Way’s spiral structure

Target classes for multiwavelength and non-EM studies

(future gamma-ray missions, gravitational wave —a0°
detectors)
Millisecond Pulsars Relativistic Binaries

Number of Binaries with P > 20 ms

Enown & Simulated Pulsars Projected onto the Galactic Plane

—120° —150° 180" 150° 120°

go°

607

SKA 1.4 GHz/400 MHz/1024 T/ = 0,25 Jy E00 s
PER: {o.f¥) = (15053800 <=0.001 med=2 n=35 r,=3 Msr t<50 My

Blue points: SKA simulation
Black points: known pulsars

~10% pulsar detections

5/18/2006 Jim Cordes Legacy Projects Workshop ]



Pulsar Search Domains

Arecibo,
Young pulsars
Galactic Plane gp Effelsberg, GBT,
(< 1 Myr) Jodrell, Parkes,
WSRT, SKA
. Young, recycled, GBT, EVLA,
Galactic Center binary, circum-SgrA* | Parkes, SKA
Moderate Galactic | MSPs, binary, Arecibo, GBT,
latitudes runaway Parkes, SKA
. Arecibo, GBT,
Globular clusters MSPs, binary Parkes. SKA
Local Group Young (probably) Arecibo, GBT,
Galaxies Giant pulses SKA

5/18/2006 Jim Cordes Legacy Projects Workshop 9



Parkes Multibeam Galactic Plane Pulsar Survey.

. Most successful survey to date:
800 new pulsars

- Gain ~ 0.7 K Jy*
. 1.4 +0.144 GHz Also, high-latitude
1100° <1 < 50° and |b| < 5° | Survey for MSPs,

_ binaries
. 13 x 14 arcmin beams
. ot =250 us, ov =3 MHz, T = 2100 s
. Data sets ~ 96 channels x 8.4x10°s x 1 bit /beam
. ~ 3100 total pointings
. Raw data (mostly) saved ~ 4 TB
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Globular Cluster Pulsars

Disproportionate ratio of MSPs/binaries to canonical
pulsars due to exchange reactions in dense clusters

| . Terzan S:
. 33 pulsars, mostly MSPs
L. et Ransom et al. 2005, Science, 307, 892

PSR J1748-2446ad fastest spin (716 Hz)
(Hessels et al. 2006)

11

Jim Cordes Legacy Projects Workshop ﬂ | A




PALEA Survey Goals

10° new pulsars

- Galactic plane survey: |b|<5°, 32° < | < 77°, 400s dwell times

- Intermediate latitude survey: 5° < |b] < 15° for MSPs, NS-NS

- Reach edge ofi Galactic population for much of luminosity function
- High sensitivity to millisecond pulsars (dedispersion)

- D, .« = 2 to 3 times greater than for Parkes MB

Sensitivity to transient sources (algorithms)

Data management:

- Keep all raw data (— 1 Petabyte after 5 years) at the Cornell Theory
Center (CISE grant: $1.8M)

- Database of raw data, data products, end products
- Web based tools for Linux-Windows interface (mySQL <> ServerSQL)
- VO linkage (in future)

5/18/2006 Jim Cordes Legacy Projects Workshop ﬂ

12
CORNELL




Enown & Simulated Fulaars Projected onto the Galactic Flane

—120" —1350° 180° 150°

Simulated &
actual

Yield ~ 1000
pulsars.




First Results

ARECIBO PULSAR SURVEY USING ALFA. I SUBNEY STEATEGY AND FIRST DISCOVERIES
J.M. CorpEs,' P.C. C. FREIRE.°D. R. LlIZ'RI}iER:3 F. Camiro,* D. J. Cramrion, D. J. Nicg,” R. RaMacHa» MDRAN,

. W. T. HesseLs,” W. VLEMMINGS, . % -!LL‘-I_]_EELF"F.EI " M.Ra N.D.E BHAT. ‘"Z. Arz TMANIAN,
M. A McLavenim,® V. M. Kaser,” L. h_ﬂ: aw,®J]. 5. DEvEvA,!B. RED,’ S. Cuarrerueg, . L. Han,® D.C, B!L-Z'I-..EF.:E
I H. STams.® A. A DESHPANDE AN DI_.-‘JL FAUCHER-GIGUERE'

Dvaft version December 27, 2005

11 new pulsars: 1 binary, 1 w/ gamma-

ApJ, 637, 446, 2006 ray counterpart, 1 transient source

Arecibo Pulsar Survey Using ALFA. II. The yvoung, highly
relativistic binary pulsar J190640746

D. R. Lorimer.! I. H. Stairs,? P. C. C. Freire.® J. M. Cordes,* F. Camilo.® A. J. Faulkner,
A. G. Lyne! D. J. Nice® S. M. Fld.nscrm 7. Arzoumanian,® R. N. Manchester,”
D. J. Champion,! J. van Leeuwen,? M. A. McLaughlin,! R. Ramachandran,!®
J. W. T. Hessels,!! W Vlemmings,! A. A. [‘Jpthanlp 3 N. D. R. Bhat,'? S. Chatterjee,"!?
J. L. Han,** B. M. Gaensler,'® L. Kasian, S. Deneva,* B. Reid,'® T. J. W. Lazio,!®
V. M. Kaspi,!! F. Crawford, 17 A.N. Lummpu 15 D. C. Backer,!® M. Kramer,!
B. W. Stappers, 1% G. B. Hobbs,? A. Possenti, 2 N, D’Amico "1 and M. Burgay?!

Exploited database of Parkes Multibeam

ApJ, 640, 428, 2006 survey + multiobservatory followup

5/18/2006 Jim Cordes Legacy Projects Workshop
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Pulsar Periodicity Search

Frequency

time

FFT each DM'’s
time series

FFT(f)

1/P 2/IP 3/IP ¢
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pl844 53269 41554 0045 G202.12-00.82_0.wapp.best.all.t_sorted

| [ A pulsar found

—

NMch wa N OMeh va 28 DMch wvs 00
I [ e -

" through its single-

" pulse emission, not its
periodicity (c.f. Crab
giant pulses).

Algorithm: matched
filtering in the DM-t
plane.

ALFA’s 7 beams
provide powerful
discrimination
between celestial and
RFI transients
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Transient radio bursts from rotating neutron stars

1. A T\-'I{'Lm“hhn *. A. G. Lyne*, D. R. Lorimer*, M. Kramer*
AL J. Faulkner*, R. N. Manchester T, J. M. Cordes ¥, F. Camilo

'FA Posse 11f1 ﬂ I. H. Stairs ” (s, thhnT N. D :'ﬂultu ”ﬂ

5\1 Burgay' & J. T. O'Brien* Nature. 439, 837. 2006

11 sources found in reanalysis of
Parkes MB survey

- missed In periodicity search

Pulse rates — 0.3 to 20 pulses hr

IM {pc cm™)

Extreme cases of pulse nulling?

Implied Galactic population —
“normal” pulsar population
(i.e. — 2x10° objects)

5/18/2006 17
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Processing Basic Data Units

- Traditional:

- a narrow search for periodic, dispersed signals
- blunt instrument approach to RFI: discard data

- Our approach:

- seek a wide range of signal types

- classify all non-noise events and signals, whether
celestial or terrestrial, whether natural or artificial

- Enabling infrastructure:

- access to large volumes of raw data
- high throughput processing

- global analyses of data products through custom
database

5/18/2006 Jim Cordes Legacy Projects Workshop
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Data management at the Cornell

—RAW DATA ARCHIVE
Theory Center
- raw data

- data products
- algorithms, tools
- hetworking (NLR)

Issues:
DATA

“PROCESSING - evolution of media (disk/tape)
- hetwork charges
- data integrity/security

™
WEB PAGE/APPLICATION

I \\. —
XML - )

PARAMS  oTaABLE PARAMS — ;
\ / / | Client

e e

- /
XMLVOTABLE

DATA ACCESS A | WEB SERVICES \

SQL SERVER ARCHITECTURE
DATABASE

WEBSERVER
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©®  The SKA as a Pulsar/Gravity Machine

Relativistic binaries (NS-NS, NS-BH) for probing strong-
field gravity

Orbit evolution of pulsars around Sgr A*

Millisecond pulsars < 1.5 ms (EOS)

MSPs suitable for gravitational wave detection

100s of NS masses (vs. evolutionary path, EOS, etc) 80"

Galactic tomography of electron density and magnetic
field; definition of Milky Way’s spiral structure

Target classes for multiwavelength and non-EM studies

(future gamma-ray missions, gravitational wave —a0°
detectors)
Millisecond Pulsars Relativistic Binaries

Number of Binaries with P > 20 ms

Enown & Simulated Pulsars Projected onto the Galactic Plane

—120° —150° 180" 150° 120°

go°

607

SKA 1.4 GHz/400 MHz/1024 T/ = 0,25 Jy E00 s
PER: {o.f¥) = (15053800 <=0.001 med=2 n=35 r,=3 Msr t<50 My

Blue points: SKA simulation
Black points: known pulsars

~10% pulsar detections
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SKA AO GBT Parkes: v , R DC = 0.050

||||I'I'I'! ||||I'II'! T 1111
IOOE L, = 0.01 mJy kpc?

D._.. = maximum

max

detectable
distance for
period P given
luminosity L,

Detection curves
take into account
interstellar
scattering
(NE2001 model)
Instrumental

effects, additive . or o e 000 oer
noise

Period (sec)
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UL ED QP iR R/l Galactic Center Region
Galactic Center

Ser D HII g A=90cm
- (Kassim, LaRosa, Lazio, & Hyman 1999)

b4
et & Sgr A* = 3x106 black
SNR 0.9+0.1 / _ hole with a surrounding
o 7 & S star cluster with ~ 108
) stars. Many of these
Y : are neutron stars.

: '__"————Backgmund Galaxy
; ‘>Threads Detecting pulsars in
- A Sgr A* is difficult
ACNOER Il Dhecause of the intense
scattering screen in
front of Sgr A*.

Sgr D SNR

Sgr B1

structure?

( Sgr C  Coherent X

Mouse » Multipath differential
SNR 359.0-00.9 ; \ arrival times

SNR 359.1-00.5
T4~ 2000 v*sec

~0.5° Solution: high
o sensitivity at high

~240 light years Tornado (SNR?)

[mage processing at the Naval Research Laboratory using DoD High Performance Computing Resources “ fre q u e n Cy

Produced by N.E. Kassim, D.S. Briggs, T.J.W. Lazio, T.N. LaRosa, J. Imamura, & S.D. Hyman
Original data from the NRAO Very Large Array courtesy of A. Pedlar, K. Anantharamiah, M. Goss, & R. Ekers
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e Detectability of Pulsars at the Galactic Center
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Sampling of pulsar
L-P distribution
with different
Instruments

EVLA can sample a
good fraction of the
luminosity function

A southern-
hemisphere Arecibo-
like aperture
samples even more

SKA may be
necessary to realize
timing precision
required for physics
payoff (black hole
spin, GR tests)
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GBT Surveys

Complete the Galactic plane (Parkes, Arecibo)
- Draft white paper written — 2001

Best telescope In northern sky

Larger throughput than Parkes MB survey
Galactic plane, NS-X binaries, MSPs
Several x 1000 hr

Focal plane array needed

- Horn cluster
- Phased array

5/18/2006
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Summary/Coenclusions

Pulsar surveys + follow up will provide much
greater returns than achieved so far:
- Binaries deeper into the strong-field regime to test
gravity
- Extreme spin states (sub-ms?)
- Extreme B (radio magnetars?)

- 100s of NS masses, 103s of WD masses, BH
masses?

- Aperiodic pulsars
- RRATs
- Bursters (B1931+24)
- Giant pulses (Crab-like, several MSPs) with large B .
- GC radio transients?
Dlglta| requwements are Increasing per dlscovery

- Sampling of f-t plane (wider bandwidths, faster
spectrometers)

- Dedispersion and periodicity searches
- Single pulse searches
- Acceleration searches

- More sophisticated binary searches (smaller P,
eccentric binaries)

- Greater f-t complexity than interstellar dispersion

5/18/2006 Jim Cordes Legacy Projects Workshop
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Summary/Coenclusions

Digital costs dropping dramatically
- Larger data sets
- More ambitious survey goals

Data archival and management

- Important to save raw data
- Reprocessing with new algorithms (c.f. Parkes MB)
- Cross-A studies and (re) discoveries (e.g. radio/GLAST)
- Back estimation of arrival times after later discovery

- Invest a/m costs proportionately to total survey cost
- Modern database systems needed to achieve virtual observatory

functionality and discovery potential
Future radio telescopes: freqguency coverage, wide FoV
- SKA and its forerunners (0.1— to 25++) GHz
- Data management a bigger enterprise than data acquisition

5/18/2006
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Kramer et al.

5/18/2006 Jim Cordes
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Why more pulsars?

 Extreme Pulsars:
*P<1ms P> 5 sec
* P, <hours B> 10" G (link to magnetars?)

* V>1000 km s°!
 Population & Stellar Evolution Issues
e NS-NS & NS-BH binaries
 The high-energy connection (e.g. GLAST)
* Physics payoff (GR, LIGO, GRBs...)
 Serendipity (strange stars, transient sources)
* Mapping the Galactic magnetoionic medium

e New instruments (AO, GBT, SKA) can dramatically increase the volume

searched (galactic & extragalactic)

5/18/2006 Jim Cordes Legacy Projects Workshop
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PULSAR SEARCHING
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