Automated classification of
transients



Collaborators

e Caltech
— George Djorgovski
— Ciro Donalek
— Andrew Drake
— Matthew Graham
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What is a transient?

Example: 4 individual exposures, separated by 10 min
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Something that has a large delta-magnitude
for a small delta-time



Examples of CRTS Transients

CSS090429:135125-075714  (CSS090429:101546+033311 CSS090426:074240+544425
Flare star Dwarf Nova Blazar, 2EG J0744+5438

Vastly different physical phenomena, and yet they look the same!
Which ones are the most interesting and worthy of follow-up?

__»/Rapid, automated transient-classification is a critical need!
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SED: Spectral Energy Distribution

L)

’
|
» | IWEL -Mav)d |
ey

’ -
’ ﬁ-’ 27 IR Rl
| 30, % O 2 Mayon

( L4
) e
}
’
)
b
)
5 -~

i1} g
B - "'\'.X '
' ’ A
’ b
{ "
} o
l .
) -
) B
g o
L 4

} 2
|
13
’
»
b
)
ettt
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Colors (e.g. from follow-up from Palomar 60-
inch) are a narrower aspect of the SED

2
| ' | ' | ! |
[ dots = stars _
O Type-2 QSOs
® 2z > 4 QSOs
- n _
) *e
1] I | 1
~ 0 — . | | [ | l__
LV ¥ PR B 3 FA N~
| PR -g‘ 4 [ Pss 1646+5524 | —
L ":,"J s = 4.05 ! -
b = er .
| | -l s camsan I i —  ——— f
i 4000 5000 8000 7000 8000
B ' [ ' | ' | ' L
al_ PSS 1805+4405 -
E |z = 0.3201 -
oo roond
SR . e
Type-2 QSO ) e e s s s s ‘i i ki
4000 5000 6000 7000 800C
A ()




Semantic Tree of Astronomical Variables and Transients

AGN Subtypes

Variability Tree
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The Palomar-Quest (PQ) HBLBS e 0t
Digital Synoptic Sky Survey

 Palomar 48-in. +112-CCD, 161 Mpix camera

* A Caltech-Yale collab. Co-PlIs: C. Baltay & SGD;
plus other groups worldwide (LBL, etc.)

* Many passes with up to 4 filters (UBRI/griz),
time baselines from minutes to years

e Collected > 50 TB of data
e Operated from Aug. 2003 through Sept. 2008

* Key goal: Exploration of the time domain

Rafaranca - April 23 Saarch - May 18 * kband diffsrance
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. . NEO survey Co-PI’s:
Cata I INa Sky Su rvey(S) * E. Beshore & S. Larson (LPL)
CRTS uses the MLS CSS SSS
data from all three The Mt. Lemmon | C2talINa Sky Siding Springs
Catalina NEO Survey 1.5m Cass gz;vr:::’:).?m gz;vr:i‘éto'sm
surveys, with a
coverage of up to
2,500 deg? / night,
and the total area
coverage of

~ 30,000 deg?
Survey region (deg) ] +/- 5 deg ecliptic m -80 < Dec < -25

Field of View (squaredeg) 1.2 [814 42 |
Mag limit (V) 215 Jos 190

We are processing the Catalina data streams in real time
to look for astroephysical transients



GALEX, Spitzer, FIRST, ...

Recent, current and
future multiepoch
surveys

Hundreds of thousands
of transients per night in
the near future

PTF GW
Skymapper

Pan-STARRS

Orders of magnitudes
different.

Move towards digital

movies!
Ashish Mahabal

Astrosat



CRTS Event Detections A Drake

Distinct Events Detection Statistics as of 5 Jun 2011 UT:

All CVs |Blazars | Ast/ |cCV/
OTs flares | SN

2033 596
MLS 1560 183 38 12 122 374 744 214
SSS 227 24 93 7 5 43 16 42

Total 3820 803 632 132 311 692 989 451
Threshold set deliberately very high — only the most dramatic
transients are pulled out in the real time
About 1 strong transient per 10° source detections

The rate of significant transients/variables is at least an order of
magnitude higher

Many events are re-detected repeatedly (not counted above)

6/7/11 Ashish Mahabal



The Palomar-Quest Event Factory >”*

baseline

~ tonight

Detect ~ 1 - 2 X 10° sources
per half-night scan

Compare with ‘ . ' ,- '
the baseline sky R e 2 Cn e

Flnd = 103 apparent “ : . ' q ‘. .’ A
transients (in the data) e e o i

Remove instrum.
artifacts

Identify ~2-4 X10%real | I :° m  +-° o :
transients (on the sky) i A oo o

Remove St s i
asteroids e » SRR »

etembty ~ 1 - 10 pos.mble [ Classification and follow-up ]
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Towards Automated

Event Classification

A necessity for large synoptic surveys

Event
parameters:
m,(t), m,(t),...
a, o, U, ..
image shape...

With M Turmon and
B Moghaddam, JPL

IVOA
contextual%%
information

i -
Event P(SN la) = ...
JT & P(SN II) = ...
|

> Classm.catlon :> e

Engine P(CV) = ...

1 I P(dM) = ...
Expert and ML generated priors @ J
Classification
‘ ‘/ \ J ‘ ‘{ \ J probabilities

‘ ’ J ‘ 4 J (evolving,

4 ] 4 ) etc iterated)

colors

lightclrves
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Blazar PKS0823+033

Sample Light Curves

CV 111545+425822
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Date (MJD - 53371)

Variables and transients — the distinction is one of perception,
and your aims

6/7/11 Ashish Mahabal



Building Bayesian Networks

Handling of incomplete data
— Real-world cases

Learning causal connections

— What variable caused what

Incorporating domain knowledge
— Experts can weight in at different points

Memorizing (aka overfitting) avoided

— No holdout necessary



BN is an Acyclic Directed Graph

Once certain
characteristics are
observed some sections
become irrelevant

other

RR
Lyrae

Extra-
galactic

N

6/7/11 periodicity Galactic latitudeana| g-r radio

Not all arrows
shown




C Donalek,

Sample data input to BN o

id gminr rmini iminz gb class pCV pSN pblazar
1 801301180124103586 0.20 0.49 -1.06 41.570266 1 0.433000 0.221294 0.343222
2 801301180124103586 0.72 0.43 0.30 41.570266 1 0.114421 0.130915 0.754664
3 801301230184144420 0.16 0.50 -0.30 25.068228 1 0.945996 0.015071 0.038933
4 801301230184144420 0.18 0.54 -0.38 25.068228 1 0.959667 0.024743 0.015591
5 801301230184144420 0.19 -99.0 -99.0 Phenomenology

6 801301230184144420 1.01 0.69 0.55 ¢

7 801301230184144420 1.72 0.69 -0.07 :

8 802011320554107996 -0.70 -0.16 -0.8: Class

9 802191230754114380 0.76 0.14 -0.02 © \\~‘

10 802191230754114380 0.79 0.12 -0.16

o
The output is BN class which is fed p/V \
©© OT

to skyalert as an annotation to the () (») @
original event Incidental Colors Other observed
parameters parameters

Radio, for instance

CV/SN classifications"80%wvith single epoch



Nailve Bayes
P(y=klx)=Pxly=k)P(k)/P(x)xPk)P(x|y=k)= P(l\)nill’(_\'h ly =k)

 x: feature vector of event parameters
 y:object class that gives rise to x (1<y<k)

e Certain features of x known: (position, flux)
e  Others will be unknown: (color, delta-mag)

e Assumption: based ony, x is decomposable into B
distinct independent classes (labeled x,)

 This helps with the curse of dimensionality
 Also allows us to deal with missing values



The importance of context

Which galaxy does a The need to see the big picture
supernova belong to?

Matthew Graham: Semantics



Characterization Vs. Classification

* Early focus on the extraction and dissemination of time
series

* Characterizations is important
— dm/dt
— change of direction per unit time
— change in periodicities (e.g,. wavelet or fourier decomposition);
— variation in dm/dt
— acceleration in dm/dt

Most SNe will
diii n(?t become
fainter and then

dt brighten up




Aspects of “Gap” processing

Corresponding Gap Histogram

T T T T T T T T

-05 0 0.5 1 1.5 2

Gap features capture sparse or irregular LCs

The features, and thus the underlying density models, are
invariant to absolute magnitude and time shifts

Features & densities allow bound-only flux observations

— Under poor seeing, we obtain only bounds like m > 18

B Moghaddam, Y Chen



Classifier Architecture

Decision Tree decomposes this

multi-class classifier into a series of
binary discrimination tasks. ot SN
This specific DT follows
the stratification that seems
natural to astronomers.
CV/Blz R/Mira

All nodes shown were

Implemented via >N la SNl

“gap histogram”

blnary CIaSS|ﬁerS Collapsing / \ / \

Blazar  RR Lyrae Mira

Cataclysmic Periodic



A ma_gnitude

SN I3 SN |IP

By taking subsections of dt/dm :
space determine which area is ;
characteristic for which kind of i
variable .

40 50

6/7/11 Ashish Mahabal R R Ly ra e



Blazar_CV accuracy (metric: Chi2)
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Mag

Follow-Up Observations:

- Photometry (peo, Nmsu, DAO, HTN, India, Mexico, etc.)

- Spectroscopy (Gemini N+S, Keck, P200, SMARTS, 1GO, MDM)

2 &
CSS090421:174806+340401 A blazar, ;
also monitored at OVRO in radio ®o ®o
2'2Apr 09 UF 1'3 May 09 UT
T T T (D : T l T T T T I T T T T I T T T T l T T T T _I
b Y . | ‘* ;3 P60
% s € > | Al
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- CRTS I 4 945 950 955 960  96F
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Date MJD - 53249 (2004-09-01) mjd—54000



Automating the Optimal Follow-Up

What type of follow-up data has the greatest potential to
discriminate among the competing models (event classes)?

Request follow-up Telescope 1: P(x,,y | x,)

observations from | Updated P(y | X, X,)
the optimal |
available facility

!
!

!

- :

!

!

!

- :
!

!

!

.

Initial P(y | xo) _. BNeelal -
S i H=1.31
I....II Telescope 2: P(xg,y | X;) Updated P(y | X,, Xp)
H=1.82
Collaboration with lI-I.II
B. Moghaddam, =179

M. Tuimon (JPL)



INPUT PARAMETERS |

!

*  TRIGGER RULES ’

EXTERNAL &
CONTEXTUAL
INFORMATION

N

Expert 1: GPR Expert 2: BN

goJ|

11

Expert 3: NN

Q*J ® @

™ U'(PI W2 U'@z

FUSION MODULE

CLASSIFIER FRAMEWORK u (P

6/7/11

Ashish Mahabal



Bayesian Network/fusion modules are
no Cartesian theatre

e Different parameters, methods are separate (though
perhaps not independent) probes

(non-)Cartesian theatre
One observation can
drive the direction given
the large number of
possible candidates
Not much scope for error

6/7/11 Ashish Mahaleg



Event Publishing / Dissemination
Skyaler‘t,org PI: R. Williams

e Real time:
— VOEvents, Twitter, iApp (thousands of events)
— Also on SkyAlert.org, feeds to the WWT, GoogleSky

 Next day: annotated tables on the CRTS website

—““--m--m—@

CSS091121:221159+263906 | 332.99697 26.65153 | 20091121 | 18.33 | 911211261084134848 34848 2009-11-21 | 34848 | SN/Blazar mag 21
CSS091121:013728+253450 24.36768 25.58061 | 20091121 | 17.78 | 911211260084103595 | no 03595 | no 2009-11-21 | 03595 | SN/CV
CSS091121:032627+070744 51.61364 7.12902 | 20091121 | 16.68 | 911211070194124436 | no 24436 | no 2009-11-21 | 24436 | CV mag 21
CSS091121:033232+020439 53.13295 2.07747 | 20091121 | 16.93 | 911211010194134434 | no 34434 | no 2009-11-21 | 34434 | CV mag 20
CSS091121:085600-051945 133.99922 -5.32906 | 20091121 | 18.17 | 911210040484107252 | no 07252 | no 2009-11-21 | 07252 | SN CFHT mag 22 gal
CSS091120:100525+511639 | 151.35223 51.27742 | 20091120 | 18.80 | 911201520354108835 | yes 08835 | no 2009-11-20 | 08835 | SN SDSS mag 21,9 gal
CSS091120:082908+482639 | 127.28503 48.44423 | 20091120 | 15.69 | 911201490314109371 | yes 09371 | no 2009-11-20 | 09371 | CV/SN SDSS mag 21,6 gal?
CSS091120:004417+411854 11.07004 41.31494 | 20091120 | 17.00 | 911201400044145995 | yes 45995 | no 2009-11-20 | 45995 | Nova M31 2009-11d
CSS091120:001019+410455 2.58044 41.08191 | 20091120 | 16.69 | 911201400014137919 | no 37918 | no 2009-11-20 | 37919 | CV mag 20,0

6/7/11 Ashish Mahabal



Real Time Event Publishing via VOEvents and SkyAlert

From the CRTS stream. See context in WorldWideTelescope
Catalina Real-time Transient Survey . 0

Position is 115.98635.21.1753 £ 0.0012 Basic event info

This portfolio initiated 2009-11-11 08:35:18

CRTS (Catalina) Event identifier is 911111210394136030 or CSS091111:074357+211031

CRTSCircular 8 2455146.986330 2455146.975340

2455146.978970 2455146.982620

Finding Chart Click here
Past CRTS images Click here

Sub ibe t @ Other images Click here Llnked VO/a rChivaI data
ubscripbe to ™ . .
. . Lgeuve - Clickbere X for classif. and follow-up
VOEvents via ema||' SDSS cutout Click here
Position (115.98635,21.175

RSS, Atom feed, etc.

1 11T11.24:-80 /AATINS81 46 AQNL1E87N
Time 2009-

% Magnitude 18.559 g . .
Magnitude 18.673 Dynam|ca||y growing portfoho

6/7/11 Ashish Mahabal ~ | |




http://www.skyalert.org/

* http://lib.skyalert.org/skyalert/Guide2Skyalert.pdf
 Subscribe to feeds — set-up alerts based on your own criteria
* Suppose you subscribe to a “CRTS + P60” alert
» get the parameters that you want
* be able to ‘resolve’ the event into its portfolio
* wget —O myevent
http://www.skyalert.org/params/ivo:++nvo.caltech
+voeventnet+catot;902200180274145987/




Reading json output from skyalert

x <- fromJSON(file = "myevent")
X

That gives:...
SportfolioS ivo://nvo.caltech/voeventnet/csFollowup#observation'Snearest_obj _usnob

SportfolioS ivo://nvo.caltech/voeventnet/csFollowup#observation'Snearest_obj_usnobSdistance
[1] "0.5”

xSportfolioS'ivo://nvo.caltech/voeventnet/sdssFollowup#observation'[[1]]SISOtimegives
[1] "2009-11-17T17:24:52"




Courtesy A. Searle

Coincidence Machine

for multi-messenger astronomy

Non-GW observation

4 degrees

Given a reported coincidence:

-- Gravitational wave trigger with time and
probability density

-- Burst detection with time and position

Questions:
-- What chance these are physically connected?
-- Should we immediately slew telescopes?
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DAME

DAME is a joint effort between University Federico Il, INAF-OACN, and Caltech aimed at
implementing (as web application) a scientific gateway for data analysis, exploration, mining
and visualization tools, on top of virtualized distributed computing environment.

http://voneural.na.infn.it/
T L . Technical and management info
e Documents
Science cases
Newslette

Gronologia

5 Max Brescia Main Page % Inglese-Italia.

DAta Mining & Exploration Project

News & Events DAME (DAta Mining & Exploration) is a project aimed at designing and developing

instruments and tools for scientific data mining, based on information and comunication

New DAME Brototype released
technology.

DAME Le 1PAC-09 e Mchesiegesl Protechs
DAME Lecture @ IPAC-09
acue DAME is an evalution of the Astroneural and VO-Neural projects and is funded by the ltalian

DAME @ [ICAI-00 Conference  Ministry of Foreign Affairs as well as by the Eurapean project VOTECH (Virtual Observatary St Um Cam Mrid

Technological Infrastructures) and by the ltalian PON-5.Ca P £
Project theses and .
apprenticeships now available DAME Working Group
Pasttheses Partners: Jions B ning In Ast
il S e
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Napoli Federico Il wa
« INAF - Osservatorio Astronomico di Capodimonte £ Raccolta Web Slice [ Siti suggeriti K INAF-OAC [) oac webmail [) INFN webmail ¥ maxhome [) DAME home (7] ASTRO @ scienzefisiche [ Discrete WaveletTra.. > (] Altri Preferiti =€
« California Institute of Technology, Pasadena - USA = -
. i
Inside DAME Related links: DAME Application Logout: Ry ==
Management * VOTECH (Virtual Observatory Technological Infrastructures) How DAME Wor | Services & Apps | Get Support v | About DAME v | Stuff v Related Tools v w
B « S.CoP.E. (ngh Performance distributed Cooperative System for  scientific i -
ar Experiment) @ VoGCusters P,
Science « INAF - Osservatorio Astronomico di Trieste (VO-AIDA) & R
« Dipartimento di Informatica Universita degli Stud di Napoli Federica Il Ed WFXT Time Calc ——
« Dipartimento di Ingegneria Informatica Universita degli Studi ci Napoli Federico I SOSS Mirror ==,
 MIUR (ltalian Ministry of Research) e -
« EURO-VO (The European Virtual Observatory) B Newsietters i Te
Deliverables « IVOA (International Virtual Observatory Alliance) APPLICATION MANAGER )
‘Astronomical Data are collected by means of a large number of different technigues and are pace
Howrto 3dd your spplcation stored in very diversified and often incompatiole data repositories. Moreover in the Workspace Manager v Files Manager ——
e-science environment, it is needed to integrate services distributed across heterogeneaus, I
O oynamic “virtual organizations* formed by the different resources within a single enterprise i
and by external resource sharing and service provider relationships. New Workspace Download Dataset Fie Type Last Access e
DANE seftvare pretehype The DAME project aims at creating a single distributed e-infrastructure for data exploration, ‘ A [
mining and visualization. It provides an integrated access to data collected by very diferent g - o v — ctestarff csv 2010-07-04 = 1=
instruments, experiments and scientiic communities in order to be able to correlate them Workspace Upioad W Experiment # Rename 3¢ Delete | ) = .
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Click here to view Plot
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Harvesting the Human Pattern Recognition

Recognizing the  EVHAFHEIERENT § SIS _ " e
artifacts (false il e S a 2
transients) - ]
Contextual T e e A
information e ' reflection

Is essential

A more sophisticated case uses a prior (expert) knowledge:
Star-like transient apparently
associated with a non-coincident
galaxy a likely Supernova

Spiral host galaxy
a possible Type II

Heow:to capture this and teach-amachine to do the same thing?
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Transient
Use Case Scenario: Z 0 B
Light curves are ambiguous, L |
but the presence of a
possible host galaxy suggest

that it is a Supernova =

6/7/11 Ashish Mahabal



AstroCollation: Towards Harvesting Human
Pattern Recognition and Domain Expertise

Input Event Streams

User interface

Visualization

SkyAlert

External Data
Archives, VO
Algorithms

catnine M. Graham
nehich vahan Synthesis engine




Transient classification mantra

e Obtain a couple of epochs in one or more filters

* Assigns probabilities for different classes

* Choose observations (filters, wavelengths) for best
discrimination

* Feed the new observations back in

* Revise probabilities, choose observations, ...

* Based on confirmed class revise priors

Bayesian network, Gap processing, (DAME, VOStat, VO), Skyalert



Summary

Future: Minority Report like
interfaces in open sims.

Video pictures ala sixth sense: Portfolios of
transients (or any object for that matter) —
automagically updating lightcurves, SEDs etc.

The Glass Bead Game of astronomy
— connecting everything possible
for classifying transients in realtime




