BAYESIAN CROSS-IDENTIFICATION
IN ASTRONOMY



Recording Observations

Whirlpool Galaxy — M51

Discovered by
Charles Messier (1773)
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Multicolor Universe

Chandra -
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Eventful Universe
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Trends in Astronomy

Exponential growth of data
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Sloan Digital Sky Survey

Cosmic Genome Project 2001-2010
500M rows, 400+ cols ~ 18TB
30TB of images from 30 CCDs
Software revolution in astro

Astronomers learn SQL
Cannot look at the data anymore
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The New Generations

-1 Large Synoptic Survey Telescope [OPTICAL]
o1 3 trillion rows, 200+ attributes, 100+ tables ~ 30PB
1 60PB of images, 3.2 Gpix cam

-1 Square Kilometer Array [RADIO]
o1 Processing limited







Keeping Up?

Image processing

Catalog extraction
O(n)

What is difficult?
O(n log n)
Oo(n?), ...
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More is Different

ots of opportunities
_ots of challenges

_ots of problems

New approaches
New algorithms
New tools

New computers
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Do More at the Data

Statistics on remote resources

Fine-tune SQL Server for astronomy
Analyses in and driven by SQL

SDSS catalog archive and more
GALEX, HLA, UKIDSS, PanSTARRS, ...
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‘ Sloan Digital Sky Survey / SkyServer

: -
DS B i B .
Home Tools Schema Projects Astronomy SDSS Contact Us Download Site Search Help
51 A SDSS is

‘00AM central until 7:30AM central. We 3z pologize for the inconvenience supported by

Welcome to the DR7 site!!! News For Astronomers
This website presents data from the Sloan Digital Sky The site hgsts data from Data A separate branch of this
Survey, a project to make a map of a large part of the Release 7 (DR7). website for professional
universe. We would like to show you the beauty of the What's new in DR7, astronomers (English)
universe, and share with you our excitement as we build the what's new on this site,
largest map in the history of the world. znd known problems. More...
More...
SkyServer Tools Science Projects Info Links Help
Famous places Basic About Astronomy Getting Started
Get images Advanced About the SDSS FAQ
Visual Tools Challenges About the SkyServer How To
Explore For Kids SDSS Data Release 7 Glossary
Search Games and Contests SDSS Project Website Schema Browser
Object Cross-1D Teachers Open SkyQuery Sample SQL Queries

CasJobs Links to other projects Images of RC3 Galaxies Details of SDSS Data



~

’% -SDSS Query / CasJo

Help Tools Query History MyDB Import Groups Output Profile Queues SkyServer Logout

|MyDB I |Local Only H .

o Tamas Budavari 's MyDB

Tables 20,992 kB of 100,000 kB used

Functions , g :

Procedures From this page you can get various information about the contents of both your MyDB

7 and shared tables within your groups. Click the left table links to get information about a
|Sort by...! [All selected... specific table, such as rows, columns or size. From the table pages you can also perform
various table-specific tasks, such as:

Rows kB Name
H 093 40dist
® 949  200dr3tile
M 92,08216,640DWSZ_R17_primary
N 92,08213,376 DWSZ_R25

+ Download a table
* Mangage your group tables
¢ Rename a table

W 14,400 904galexfield1 * Drop a table

& 3 16 galexfield2 : Za

W il 1e Sizes are approximations only.

| 1 16 MyTable

I 1 16M¥Tab|e 0 There's always some overhead, even empty MyDB's take up space.
] 1 16MyTable_1 Group tables do not count towards your MyDB size limit.
- 23 16 Contact

N 1,000 40radec lam

I 1 16roomba

| 20 16roomba2

| 1 16stat

| 11 24testl

§

budavari



Storing Simulations

Millennium Run (MPA)
10 billion particles, 64 snapshots
FoF groups and merger trees
Millennium XXL
300 billion particles
MultiDark — Bolshoi

Millennium Run:!
10.077.696.000 particles. \

Turbulence simulations (JHU)
1024%grid, 27TB
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Storing Simulations

Millennium Run (MPA)
10 billion particles, 64 snapshots
FoF groups and merger trees
Millennium XXL
300 billion particles
MultiDark — Bolshoi

Turbulence simulations (JHU)
1024%grid, 27TB
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Observing Simulations

Comparison to real observations

Lots of spatial searches <

In the database!
Lemson, TB & Szalay (2011)
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Fast Searches

Map space-filling curves to database indices
Hierarchical Triangular Mesh — on the unit sphere
Peano-Hilbert / Morton curves —in 3D

v o
' ."Vv‘,“'\; =
#L e &
: ! 10/7/2012

Combine with query shapes
Build from primitives




Fast Searches

Map space-filling curves to database indices
Hierarchical Triangular Mesh — on the unit sphere
Peano-Hilbert / Morton curves —in 3D

Combine with query shapes st I
Build from primitives « O
*
HTH *
4 x = x
*
* * * 10/7/2012




Millennium XXL

bixels
Mouse | .17 279)
position |
Viewport |0 x 400

» | |dimensions |

' \ Poin;s

{1636.2304,
1361.9488)
112.92 x 64.52
Mpc/h



Understanding Subtleties

Interactive visualization of 27TB of turbulence sim

Kai Blirger (Tum, JHU)




The SDSS Genealogy

: _,«} SDSS SkyServer fm——————
Onco ‘ Life Under Your | Hubble
‘ Space ‘ Feet ] CASJobs MyDB ‘ GalaxyZoo ‘ Turbulence DB Super COSMOS Legacy Arch ‘ SkyQuery
i — = S— |
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SkyQuery

m:_N\lG

-1 Dynamical
federation
of archives

Open SkyQuery

> C ® openskyquery net/Sky/SkySite/browse/Browse.aspx

% [ ©

Open SkyQuery

National Virtual 80 SR Advanced Query
Observatory

o YoEmETIT

SELECT o.objld, o.ra,

odec, or, otype,

l_bjm tra, tdec
EROM

SDSS:PhotoPrimary o, TWOMASS:PhotoPrimary t
WHERE XMATCH(o, t) < 3.5 AND

Reqgion("CIRCLE J2000 181.3 -0.76 6.5') AND
oiype=3

SDSSDR2
SDSSDR3
SDSSDR4
SDSSDRS
SDSSDRE
TwoDf

Twoqz

Welcome to the Open SkyQuery interactive query builder. You should see a parsed, clickable version
of your entered query in the pane directly above this one.

If instead you see 'Query is empty’, this means that builder needs a node or two to get started. You
can add nodes to the builder by clicking the desired node's '+' icon in the left panel.

Once you have some sgl in the above panel, you can then click on a token in that query to pull up a
menu with options appropriate for that specific token. For example, one way to select an additional
column from a mythical 'mytable' is to click on 'mytable’ and then chose 'Add Selection', then pick the
desired column from the given choices.

You can switch between 'edit' and 'build' modes at any time by using the tabs at the top of the query
panel. Your changes from one will carry over to the other. Most menu options have additional mouse-over
info.

XMatch/Region
XMatch/Region 2

Three Node Match

Brown Dwarf Search
MyData XMatch (upload)
Xmatch t.* (upload (i
ABELL Xmatch (upload)
Single Node Query

Single Node Join

10/7/2012




n Cross-Identification

One of the most fundamental analysis steps
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What is the Right Question?

Cross-identification is a hard problem
Computationally, Scientifically & Statistically
Need symmetric n-way solution
Need reliable quality measure

Same or not?
Distance threshold? Maximum likelihood?
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Modeling the Astrometry

Astrometric precision

A simple function

Where on the sky?
Anywhere really...
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Same or Not?

The Bayes factor
p(D|H)

B(H.K|D) = D =1{%.79,....70,
( ¥ID) p(D|K) {71, 7 T

H: all observations of the same object at m

K: might be from separate objects at {m }
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Same or Not?
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Same or Not?

The Bayes factor
p(D|H)

B(H.K|D) = D =1{%.79,....70,
( ¥ID) p(D|K) {71, 7 T

H: all observations of the same object at m

K: might be from separate objects at {m }
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Same or Not?

The Bayes factor

B(H, K|D) p(DIH)

p(D|K)
H: all observations of the same object at m

On the sky H.\

Astrometry

— :

D: {f]_‘;fg.h+++nmﬂ}

K: might be from separate objects at {m }
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Same or Not?

The Bayes factor

B(H,K|D) p(DIH)

D — {f]_‘;fg.h+++nfﬂ}

p(D|K)
H: all observations of the same object at m
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Normal Distribution

Astrometric precision: w=1/c>
Fisher distribution: N(Z|w,m) = M(‘fﬂ_l) exp (w M)
47 sinh w

Analytic results:

sinhw v
B(H,K|D) = — H
=1

E wi-Tt

For high accuracies: _ gt I wi exp _Zi{j wiw;P3;

smh W
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Analytic Results

T | s Budavar
-1 Normal distribution ]

g — 0.17
'--.-':-_-__.__‘:\\ oy = 0.5”

,_.
o
|

o1 Flat and spherical
w Gauss and Fisher

o
|
|

-1 2-way results

Weight of evidence [bans]

2 1,02
B = -
o + 02 e""{ 2(0? +a§>}

Angular separation [arcseconds]



Wikipedia;

Tamas Budavari

10:1 to 3(
30:1 to 100:
>100:1
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From Priors to Posteriors

Bayes factor is the connection

P(H|D) _ P(H)p(DIH)
P(HID) ~ P(H) p(DIF)
a2 o
P ~ T p D)
P(H|D) = [1 4 EP—P(gﬂl
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From Priors to Posteriors

Posterior probability from prior & Bayes factor

P(H|D) = [1 1o P(H)] B

B P(H)

Prior probability of a match
Like dice in a bag: 1/N and N
In general?




From Priors to Posteriors

Different selections

Nearby/ Distant
Red / Blue

ut only 1 number
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Self-Consistent Estimates

Prior has an unknown fuc
Educated guess  P(H|D) =
Or solve for it:

> P(H) =N,
Y P(H|D)=N,

-

1+

ge-factor
1—-PH)]!
BP(H)

(800z) ApjbzS %9 41
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Simulations

Mock objects

With correct clustering

U,, values as properties

0“e . |

Simulated sources
Subsets: N, N,
Overlap: N,

10000

10.000 [ L
i Mock galaxies = ]
Connolly et al 2002 @ -
am
1.000 ¢ |
L i.!
.l
[
0.100 | |
e,
[
)
3 )
0.010F ®e -
0.001 L. bl il ..fT
10 100 1000
0 [arcsec]
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Simulations

Mock objects
With correct clustering
U,, values as properties

Simulated sources
Subsets: N, N,
Overlap: N,

1x10°
8;(10"0:—
6;(10"0;—
ax10™°f

2x10"°

SDSS x GALEXMIS @

1 | 1 | 1 1 1 1 1 | | | |
4 6 8 10
Iteration
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Simulations

Quality

T
SDSS x

1.00 =

1-True positive rate
o
o
I

0.01

TTT] T T T T
GALEX MIS ——1
SDSS x GALEX MIS S/N >3 - - -

Probability 1
Separation 7

\

L Coe e L
0.001 0.010

[N L
0.100

False positive contamination

1.00

Multiple matches

SDSS
GALEX 1 2 Many
1 74.061 (75.870)  21.007 (18.595)  2.577 (2.469)
2 1.146 (2.253) 1.006 (0.697) 0.188 (0.102)
Many 0.006 (0.009) 0.007 (0.004) 0.002 (0.001)

Explained by simple model
of point sources!

Heinis, TB, Szalay (2009)
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SkyQuery

Almost pure
standard SQL

SELECT p.0Ob3jID, p.RA, p.Dec,
s.BestObjID, s.SpecObjID, s.RA, s.Dec

INTO xtest
FROM SDSSDR7:PhotoObjAll AS p

CROSS JOIN SDSSDR7:SpecObjAll AS s
WHERE

p.RA BETWEEN @ AND 5

AND p.Dec > -9999

AND s.Dec > -9999

AND s.RA > -9999
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SkyQuery

Almost pure
standard SQL

SELECT p.0Ob3jID, p.RA, p.Dec,
s.BestObjID, s.SpecObjID, s.RA, s.Dec
INTO xtest
FROM SDSSDR7:PhotoObjAll AS p
CROSS JOIN SDSSDR7:SpecObjAll AS s

WHERE
p.RA BETWEEN @ AND 5
AND p.Dec > -9999
AND s.Dec > -9999
AND s.RA > -9999
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SkyQuery

Almost pure
standard SQL

Added XMATCH
Verifiable
Flexible

SELECT p.ObjID, p.RA, p.Dec,

s.BestObjID, s.SpecObjID, s.RA, s.Dec

INTO xtest
FROM SDSSDR7:PhotoObjAll AS p
CROSS JOIN SDSSDR7:SpecObjAll AS s
XMATCH BAYESIAN AS x
MUST p ON Point(p.RA, p.Dec), ©.1
MUST s ON Point(s.RA, s.Dec), ©.1
HAVING LIMIT 1le3
WHERE
p.RA BETWEEN © AND 5
AND p.Dec > -9999
AND s.Dec > -9999
AND s.RA > -9999
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Matching Events

Streams of events in time and space

E.g., thresholded peaks in signal-to-noise

.

bt

TB (2011)
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Matching Events

Streams of events in time and space
E.g., thresholded peaks in signal-to-noise

WV EEOREEEPEDARINED 0E IOOOEL OO0 FOLE
0 NI NIEEEE

- (X
2 LTI

TB (2011)

./
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Proper Motion

Posterior probability

Same hypotheses but different parameters
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Proper Motion

Posterior probability

Same hypotheses but different parameters

0.8
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Just need p prior to integrate
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n Radio Morphology
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Example

Core match
But lobes?

DEC (J2000)

15”

30"

45”

5500

15”

30"

—27'5545

R4 (J2000)

52"



Simplest Model for Radio Sources

A core and two symmetric lobes
Core direction parameter m
Lobe direction parameter m’
Other lobe is at 2m—-m’

10/7/2012



Simplest Model for Radio Sources

A core and two symmetric lobes
Core direction parameter m
Lobe direction parameter m’
Other lobe is at 2m-—m’
The prior is some p(m,m’) = p(m) p(m’|m)
Parameter m anywhere on the sky: p(m)
But m’ is seen certain separations away: p(m’|m)

10/7/2012



Likelihood of “Same”

Data: { x,, ¥, ¥, ¥, } directions
2-way matching using the new model

L = / dm p(m) Lyy(m) Ly(m) / dm' p(m'|m) Ly,(m") Lyy(2m—m')

10/7/2012



Likelihood of “Same”

Data: { x,, ¥, ¥, ¥, } directions
2-way matching using the new model

L = / dm p(m) Lyy(m) Ly(m) / dm' p(m'|m) Ly,(m") Lyy(2m—m')

2 o2y 11 T 1 - P
p(m’|m) { [ffh f I} it r<|m'—m|<h

() otherwise
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Example

Core match
But lobes?

DEC (J2000)

15”

30"

45”
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Example

Core match
But lobes?

DEC (J2000)

15”
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Example

Core match
But lobes?

DEC (J2000)

15”

30"

45”

5500

15”

30"

—27'5545
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Competing Hypotheses

Many to choose from
Which radio detection is the core? (closest ;-)
Which are separate objects?
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Example

Competing hypotheses w/ 2 different tophat priors

None None None : 0.0 0.0 (F)

Core None None : 11.1 11.1 (F)

Core Lobe None : 19.0 18.3 (F)

Core Lobe Lobe : 24.2 23.5 (F)

None Lobe Lobe : 13.2 12.5 (F)

None None Lobe : 7.9 7.2 (F)
OGRESS'
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“ Hubble Source Catalog

Crossmatching the Hubble Legacy Archive

10/7/2012



Uncertain Positioning

Exceptional accuracy with images

Large uncertainty in positioning
Due to few standards in the tiny field of view

Solve for relative corrections
Across overlapping observations
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Astrometric Correction

1 Rotation in 3D

1 Describes both translation
and rotation locally

2 Need constrained numerical
optimization: R'R=l
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Infinitesimal Rotation

Optimization without constraints
Displacement by the cross product operator

' ! 1 3 6] 3 2

Fast computation for the rotation vector w
Just sum up a 3x3 matrix and vector A= Y ul-ror)
Solve the linear equation: A& — b /

b = Z w; (fr',- X (_:,)
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Hubble Source Catalog

SQL pipeline

Astrometric
correction

Subpixel
precision

Available now!

200000

H matches per mas

150000 -
100000 -

50000 |

0

ﬁ RELEASE ON MAST

TB & Lubow (2012)

‘20. .

40 60 80 100

o (mas) 10/7/2012



Summary

Bayesian approach to cross-identification

Places former heuristics on a firm statistical basis
Enables us to properly include

Physics, geometry, etc...
Naturally extends to time-domain

Events, proper motion, lightcurves

Opens the door for next-generation methods
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