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htt ://sc'i.esa.int/scienc_e-e/wW/ob'ett/index.cfm'?
* fobjectid=40924 e

There is an growing need for
coordinated optical followup
of a deluge of transients in
expanding field of time
domain astronomy.

- http://touro.ligo-la.caltech.edu/%7Ebonnie/publish/aerials/ “_;
aerials-Pages/Image5.html

http://www.jb.man.ac.uk/news/20 1 I/LOFAR-pulsars/
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Motivation: gravitational waves, GRBs, and
compact binary coalescence
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28th PCGM — 24 March 2012, UCSB — LIGO-G1101288-v5



W

THE ASTROPHYSICAL JOURNAL, 748:136 (14pp), 2012 April 1
© 2012. The American Astronomical Society. All rights reserved. Printed in the U.S.A.

doi:10.1088/0004-637X/748/2/136 ‘/

TOWARD EARLY-WARNING DETECTION OF GRAVITATIONAL WAVES FROM
COMPACT BINARY COALESCENCE
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GWV skymaps

® multimodal

22 4 P L AP

® dispersed over 47T

® spread over blobs or rings
that are 10 — 100 deg?

. . lin across

0.0000 0.0008 0.0016 0.0024 0.0032 0.0040 0.0048 0.0056 0.0004
prob. per deg?
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Triangulation from time delay
on arrival with =2 detectors

PHYSICAL REVIEW D 81, 082001 (2010)
vitational-wave detectors
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Area of 95% localization confidence:
210-100 deg? |

s LIGO+Virgo i
LIGO+Virgo+LIGO Australia
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lTelescopes: deep, or
wide, but not™ both

limiting slew
site field of view  magnitude time (s) geographic location
Liverpool®®  0.077°x0.077° 22 in 120 s 30 28°45'44.8"N, 17°52'45.2"W
Zadko® 1.4°x1.4° 21 1n 180 s 20 31°21'24"S, 155°42'49"E
ROTSE III-ad 1.85°x1.85° 17.51n 20 s 4 31°16'24.1"S, 149°3'40.3"E
ROTSE III-b9 1.85°x1.85° 17.51n 20 s 4 23°16'18"S, 16°30'00"E
ROTSE III-c¢ 1.85°x1.85° 17.51n 20 s 4 36°49'30”N, 30°20'0"E
ROTSE III-d4 1.85°x1.85° 17.5 1n 20 s 4 30°40'17.7"N, 104°1'20.1"W
TAROT® 1.86° x1.86° 17 in 10 s 1.9 43.7522°N, 6.9238°E
TAROT-S° 1.86° x1.86° 17 in 10 s 1.5 29.2608°S, 70.7322°W
Skymapper!  2.373°%2.395°  21.6 in 110 s 31°16/24"'S, 149°3/52"F
PTE® 3.5°%2.31° 20.6 1n 60 s 33°21'21”N, 116°51’50"W
FLssTh 3.5°%3.5°  24.51in 2x15 s 30°14/39”S, 70°44'57.8"W
QUEST! 3.6°%x4.6° 20.0 1n 60 s 33°21'21”N, 116°51’50"W
Pi of the Sky South/¥ 20° x 20° 12.51n 10 s 60 22°57'12"S, 68°10'48"W
Pi of the Sky Northi¥ 40° x 40° 12.5 in 10 s 40 37°6’14"N, 6°44'3"W
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Telescopes: rich variety of
Instruments

Telescopes have:

e different limiting magnitudes i}
ccpoo | [ ccpot | | cepo2 // ccpo4 | | ccpos
e different slew times S e ey / b
1.7e /DN 1.6e /DN 1.8e /DN 1.9e /DN 1.8e /DN
39" 34" 34" /A 33" 45"
® dlffe rent ﬁlte 'S ccpos | |ccpo7 | | ccpos | |ccpog | | cep1o | | cep 11
0=15.7¢ [®| 6=12.3¢ || 0=7.1e [9| c6=9.1e™ || 6=15.4¢ |¥| 0=15.5¢"
1.867/DN | [1.867/DN | |1.467DN| |1.667DN| |1.867DN| | 1.567DN
® gaps between CCDs

from “The Palomar Transient Factory: system
overview, performance, and first results,” PASP

121:1395—1408, December 2009.

® dead CCDs

® vignetted or clipped image planes
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Single telescope problem

® Rotate FOV to Yi, multiply by sky map, and integrate — probability of imaging
source if telescope is pointed at Y;

® Analogous to a convolution integral

Kernel/FOV GW sky map “Cross-correlation”

75° 75

@ o D ¢ D a0 _ e » JNED O

bi(v; 'w) £ p(EM;|vi, w)

® Maximum of this integral is optimal pointing:

ol 2 arg max p(EM;|v;, GW)
Yi
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Fast convolution in HEALPIx

® Hierarchical Equal Area isolLatitude PlXelization
®  Well-suited for harmonic analysis (isolLatitude)
® Existing tools for C/C++, Fortran, Python, IDL, MATLAB, Java, ...

® Part of the official FITS World Coordinate System (since 2006), so it’s
readable by many freely available astronomy software packages

WMAP 7-year survey from
http://map.gsfc.nasa.gov/ from Gorski et al. Ap),
media/[01080/index.html 622:759 — 771, 2005 April |
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Multiple telescope problem

40°

® With N telescopes,

optimization problem in 2N
dimensions.

35°

30°

® FExhaustive search is
intractible: cost goes as

25°

20°

(pixel area)™

1" ok 3™ ob oM 30™

® Need efficient numerical
approach
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Noncooperative planner

Every astronomer for him/herself!

Each telescope points
where it is most likely to

image the source, regardless
of what others are doing.

Not very efficient if there
are many telescopes, but
works reasonably well if

coverage IS poor.

http://contentedlymaladaptive.com/2009/12/the-inmate-fightingmating-dance/
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=D
Greedy planner

telescope’s FOV |

Gobble up sky map one
teIeSCOPe at a time are in daytime or twilight

poa=1- [ =t Grw)] [1-b ()] [

. [1 — by (,y;[lw)} s(w) dQ2. ! *
Lo§ate to telescope

Mask out FOV
from skymap

|

Any tele-

scopes left?

http://dpinedoblog.blogspot.com/2010/06/focus-on-mission.html
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Anneal planner

Randomly perturb pointings of
all telescope simultaneously

Plug prob. of imaging
{ sourceinto good old
scipy.optimize.anneal

Use modified “fast
annealing” schedule of

L. Ingber (1989).

http://calexis.com/blog/2010/05/24/infinite-monkeys-spell-gazortenflap/
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BAYESTAR

BAY Esian optimal Search for Transients with
Autonomous and Robotic telescopes

N

Parallelized, C/C++/Python
code for generating optimal
tilings of the sky for
coordinated,
simultaneous optical
followup of GW candidates.

GPS time 894384568

Joint probabiity of detection: 21.0%:

PTF
Geographic coordinates: 33" 21" 21" N, 118" 51" 50" W
Fleld of view: 3.5" x 2.31°

Pointing: 0"0a™M31%, a3°09'

QUEST
Geographic coordinates: 33" 21" 21" N, 118" 51" 50" W
Field of view: 3.6" x 4.8"

Pointing: 0"18Mse5, 300

ROTSE lll-a

Geographic coordinates: 31 16'24.1" S, 148" 3'40.3" E
Field of view: 1.85" x 1.85°

Pointing: 0"33M455, 20029

ROTSE llI-b

Geographic coordinates: 23" 16' 18" S, 18" 30' 00" E
Fleld of view: 1.85" x 1.85°

Pointing: 21705Ms8%, -44°24"

ROTSE lll-c

Geographic coordinates: 35" 49" 30" N, 30" 20'0"' E
Fleld of view: 1.85" x 1.85°

Pointing: 0"44™18%, 2221’

ROTSE lli-d

Geographic coordinates: 30" 40' 17.7' N, 104" 1" 201" W
Field of view: 1.85" x 1.85°

Pointing: 0"18™Ms3%, 2707
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Case study

® | ow mass inspiral injections into simulated initial LIGO noise
® Sky maps generated with Larry Price’s localization code

® (Generate observing plans using noncooperative, greedy, and
anneal planners

® Use PYNOVAS for checking sun and horizon interference
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Coordination may be important for EM followup!

plots from Singer, Price, and Speranza (in preparation)

f f ] anneal [ 1 anneal
] _________ _________ L] greedy sorted || ol R [_1 greedy sorted |
f f | [—] noncooperative 5 [ noncooperative
s : : : . . =
op y : : : : 3
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Distance (Mpc) Probability of imaging EM counterpart

If we want to image an EM counterpart as soon as possible
after the GWV trigger, coordinating observations by many
telescopes drastically increases our odds as compared to
deciding where to point each telescope independent of all of
the others.
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What'’s next!

Efficient use of limited observational 10% |
resources: cannot follow up everything, 10
not even all GW candidates 10

1.56 x10** Hz ]

L, (erg/s/Hz)

We have answered where to point, but
now we want to know when to use what =
telescopes e

- 90 deg.

For faint counterparts (kilonovas and
slightly off axis afterglows), can any gain in
efficiency be had by distributing followup
over multiple survey telescopes’

(erg/s/Hz)

L,

What optical counterparts are we likely to
see in the advanced GW detector era’

; 10° 10
observer time (days)

Hendrik J. van Eerten and Andrew |. MacFadyen 201 | Ap] 733 L37 doi:10.1088/2041-8205/733/2/L37
SYNTHETIC OFF-AXIS LIGHT CURVES FOR LOW-ENERGY GAMMA-RAY BURSTS

10° 10
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Detection probability: 0.21

75°

30°
15°
0°
-15°
-30°

0.0000 0.0008 0.0016 0.0024 0.0032 0.0040 0.0048 0.0056 0.0004
prob. per deg?
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CLONE ME

Scottish Blackface Finn-Dorset
(Cytoplasmic Donor) (Nuclear Donor)
y I\
Enucleation Mammary Cells

- Direct Current Pulse

Blastocyst
Q Surrogate
ewe DO”}
y

project web page
http://www.lsc-group.phys.uwm.edu/daswg/projects/bayestar.html

git repository

git clone git://ligo-vcs.phys.uwm.edu/bayestar

web repository browser
http://www.lsc-group.phys.uwm.edu/cgit/bayestar/

image from http://en.wikipedia.org/wiki/Cloning
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