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Expanding the Observable Parameter Space 

(M. Harwit)


Technology advances  Expanded domain of measurements 
 Discovery of new types of phenomena 

As we open 
up the time 
domain, we 
are bound to 
discover 
some new 
things!




SynopMc surveys 

Sporadic to repeated 

SN z=0.05 
 CSS 20090711  



High‐amplitude (non‐OT) variables, mainly CVs 
and AGN, over the Mme baselines ~ a few years  

DPOSS Plate Overlap Survey 

DPOSS Transients 
(Mahabal, 
Djorgovski, 
Grane5 2001, 
2003) 



The Palomar‐Quest (PQ) 
Digital SynopMc Sky Survey 

•  Palomar 48‐in. + 112‐CCD, 161 Mpix camera 

•  A Caltech‐Yale collab. Co‐PIs: C. Baltay &  SGD; 
plus other groups worldwide (LBL, etc.) 

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

•  Collected > 50 TB of data 

•  Operated from Aug. 2003 through Sept. 2008 

•  Key goal:  Explora.on of the .me domain 

h@p://palquest.org 

   LBL SNF search 
(Nugent et al.) 

> 700 SNe discovered 



The Most Variable Sources on the Sky: 

PQV 2325-0140


PQV 2321-1448


Cataclysmic 
Variables and 
Dwarf Novae 

Blazars and 
OVV Quasars 

Selected in the Palomar‐Quest Survey 



Catalina Sky Survey(s): 
CRTS uses the 
data from all three 
Catalina NEO 
surveys, with a 
coverage of up to 
2,500 deg2 / night, 
and the total area 
coverage of  
~ 30,000 deg2  

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

NEO survey Co-PI’s: 
E. Beshore & S. Larson (LPL) 



CSS Discoveries of Earth‐Grazing Asteroids 

November 6, 2009 

CSS has discovered  ~70% of all known NEOs 

An extremely low cost 
“sample return mission” 



PQ 

CSS 

LSST 

Astrosat 

PTF 

Skymapper 

Pan‐STARRS 

Recent, current and 
future mul2epoch 
surveys 

Orders of magnitudes 
different. 

Move towards digital 
movies! 

GALEX, Spitzer, FIRST, … 



The Palomar‐Quest Event Factory 

R 

I 

tonight baseline Detect ~ 1 - 2 106 sources 
per half-night scan 

Find ~ 103 apparent 
transients (in the data) 

Identify ~ 2 - 4 102  real 
transients (on the sky) 

Identify ~ 1 - 10 possible 
Astrophysical transients 

Compare with 
the baseline sky 

Remove instrum. 
artifacts 

Remove 
asteroids 

Classification and follow-up 

Sept. 
2006  



The Tsunami Wave of 
the Future 

•  Forthcoming on a Mme scale ~ 1 ‐ 5 years: ~ 1 TB / 
night, ~104 transients / night (PanSTARRS, 
Skymapper, VISTA, VST…) 

•  Forthcoming in ~ 8 ‐ 10 years: LSST, ~ 30 TB / night, 
~ 105  transients / night 

•  ObservaMonal follow‐up needs: 
–  Rapid photometric/posiMonal monitoring 
–  Rapid spectroscopy 
–  InformaMon/computaMon infrastructure 

A major, 
qualitative 
change! 

•  Now:  data streams of ~ 0.1 TB / 
night, ~ 10 - 102 transients / 
night (CRTS, PQ, PTF, various 
SN surveys, asteroid surveys) 

} 
} Transient 

classification 
technologies 
are essential 



Time Domain Astrophysics 
•  Moving objects:  Solar system, GalacMc structure, exoplanets 

•  Variability 

Physical causes of intrinsic variability: 
–  EvoluMon (structural changes etc.), generally long Mme scales 
–  Internal processes, e.g., turbulence inside stars 
–  AccreMon / collapse, protostars to CVs to GRBs to QSOs 
–  Thermonuclear explosions 
– MagneMc field reconnecMons, e.g., stellar flares 
–  Line of sight changes (rotaMon, jet wiggles…) 

Variability is known on 2me scales from ms to 1010 yr 
Synop2c, panoramic surveys  event discovery 
Rapid follow‐up and mul2‐λ  keys to understanding 

Intrinsic

Modulation along the LOS:  microlensing, ISS,

                           eclipses, variable extinction …




Intrinsically Variable Phenomena 
•  Things we know about: 

–  Stars:  oscillaMons, noise, acMvity cycles, atmospheric phenomena 
(flares, etc.), eclipses, explosions (SNe, GRBs), accreMon (CVs, 
novae), spinning beams (pulsars, SS 433, …) 

–  AGN: accreMon power spectrum, beaming phenomena 

•  Things we see, but don’t really understand: 
–  Faint fast transients 
–  Archival OTs 
–  Megaflares on normal stars 

•  Things we expect to see, and maybe we do: 
–  Breakout shocks of Type II SNe 
–  SMBH loss cone accreMon events 
–  BH mergers (LIGO, LISA?), QSO formaMon…? 



Examples of CRTS Transients 
CSS090429:135125‐075714 

Flare star 
CSS090429:101546+033311 

Dwarf Nova 
CSS090426:074240+544425 
Blazar, 2EG J0744+5438  

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

Rapid, automated transient classifica.on is a cri.cal need! 



Semantic Tree of Astronomical Variables 
and Transients AGN Subtypes 

SN Subtypes 



Towards Automated 
Event ClassificaMon 

Event 
parameters: 
m1(t), m2(t),… 
α, δ, µ, … 
image shape… 

colors  lightcurves 

etc. 

Expert and ML generated priors 

contextual 
informaMon 

Event 
Classifica2on 

Engine 

P(SN Ia) = … 
P(SN II) = … 
P(AGN) = … 
P(CV) = … 
P(dM) = … 

…. 

A necessity for large synopMc surveys 

ClassificaMon 
probabiliMes 
(evolving, 
iterated) 

IVOA 

With M Turmon and 
B Moghaddam, JPL 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What is a transient? 

Fast transient (flaring dM), CSS080118:112149–131310 

4 individual exposures, separated by 10 min  Light curve 

Something that has a large delta‐magnitude 
for a small delta‐2me 



Sample Light Curves 

Blazar PKS0823+033 

Variables and transients – the disMncMon is one of percepMon, 
and your aims 

CV 111545+425822 

Supernova 





The importance of context 

18 June 2010  AstroinformaMcs 2010 



Broad, incomplete hierarchy 
All 

transients 

SN 

SN I 

CV 

CV, 
blazars, 
periodic 

SN II 

CV, 
blazars 

periodic 

blazars 
To other classifiers 



•  More context informaMon will help 
•  How to maintain uniformity? 

•  What when filters change? 

•  Uniformity of priors? 
•  Number of objects 
•  Their magnitude range 

•  Spread over Mme 

•  Ground truth? 



QuesMons raised by the  
Data paucity regime 

•  How many classes? 
•  Too few: probabiliMes incorrect (where do 
objects belonging to unrepresented classes 
go?) 

•  Too many: overlaps increase (e.g. SN of 
different types; variables of different types) 
and probability splits into smaller fracMons 

•  What kind of winner? 



Naïve Bayes 

•  x: feature vector of event parameters 
•  y: object class that gives rise to x (1<y<k) 
•  Certain features of x known: (posiMon, flux) 
•  Others will be unknown: (color, delta‐mag) 
•  AssumpMon: based on y, x is decomposable into B 

disMnct independent classes (labeled xb) 
•  This helps with the curse of dimensionality 
•  Also allows us to deal with missing values 



Building Bayesian Networks 

•  Local dependencies, 
irrelevancies are evaluated 
using modeling 

•  Priors, likelihoods are 
obtained 

•  Data define network 

Radio, for instance 



3 colors + gb 
(WTA) 

CV (0.65)  SN (0.71)  BL (0.33)  REST (0.23) 

CV  0.72  0.08  0.08  0.13 

SN  0.23  0.46  0.12  0.19 

BL  0.24  0.03  0.49  0.24 

REST  0.34  0.18  0.21  0.26 

8% CV classified as SN, 65% of objects classified as CV are actually CV 

Priors based on CRTS data (dm > 2) 

‐ Winner‐take‐all 
‐ At least 50% 
‐  40%+ and 10% diff 
‐  allowing missing info 

Based on a single set of observa2ons 



•  Adding peripheral parameters like gb and distance to 
nearest galaxy helps  

•  Having addiMonal colors is good 
•  More context info helps (flux in radio, x‐ray etc.) 

•  Need to inculcate temporal informaMon 

3 colors + gb + 
galaxy prox. 
(WTA) 

CV (0.74)  SN (0.84)  BL (0.31)  (1‐contam.) 

CV  0.74  0.08  0.16 

SN  0.21  0.50  0.27 

BL  0.19  0.00  0.80 

completeness 



Transient classificaMon mantra 

•  Obtain a couple of epochs in one or more filters 

•  Assigns probabiliMes for different classes 
•  Choose observaMons (filters, wavelengths) for best 
discriminaMon 

•  Feed the new observaMons back in 
•  Revise probabiliMes, choose observaMons, … 
•  Based on confirmed class (how?) revise priors 



CharacterizaMon Vs. ClassificaMon 

•  Early focus on the extracMon and disseminaMon of Mme 
series  

•  CharacterizaMons is important 
–  dm/dt 

–  change of direcMon per unit Mme 
–  change in periodiciMes   (e.g,. wavelet or fourier decomposiMon); 

–  variaMon in dm/dt 

–  acceleraMon in dm/dt 
Most SNe will 
not become 
fainter and then 
brighten up 



•  Non‐sparse Mme series (Many methods; 
relaMvely easy) 

•  Sparse Mme series (Non‐trivial) 
– Non‐gridded 
– Error‐bars 
– Upper limits 



SN Ia 



SN IIP 



RR Lyrae 



Automated GeneraMon of 
Finding Charts for the 
Follow‐Up Observing 



Follow‐Up ObservaMons: 

22 Apr 09 UT  13 May 09 UT 

CSS090421:174806+340401  A blazar, 
also monitored at OVRO in radio 

P60 

CRTS 

•   Photometry (P60, NMSU, DAO, HTN, India, Mexico, etc.) 

•   Spectroscopy (Gemini N+S, Keck, P200, SMARTS, IGO, MDM) 

Lead: A. Mahabal 



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

Request follow-up 
observations from 
the optimal 
available facility


Collaboration with 
B. Moghaddam,       
M. Turmon (JPL) 



CRTS Event DetecMons 

•  Threshold set deliberately very high – only the most 
dramaMc transients are pulled out in the real Mme 

•  About 1 strong transient per 106 source detecMons 
•  The rate of significant transients/variables is at least 
an order of magnitude higher 

•  Many events are re‐detected repeatedly (not counted 
above) 

DisMnct Events DetecMon StaMsMcs as of 30 Nov 2010 UT: 

SNe CV Ast/Flr 



2008fz: The Most Luminous Supernova 

Discovery 

Comparison 

(Drake et al. 2009) 

•  Brightest type IIn known (5 Mmes brighter than the Milky Way) 

•  Host galaxy 
> 50 Mmes 
fainter than 
Milky Way  

Normal SN Ia 

•  A possible 
example       
of a pair‐
producMon 
SN? 



The Slow SN 2008iy  = CSS080928:160837+041627


Longest‐lasMng type IIn at z = 0.041 
it took   > 400 days to reach the peak! 

12 Jun 07 UT
 20 Sep 08 UT
 18 Aug 09 UT


SDSS coadd


Host galaxy > 500 .mes fainter 
than the Milky Way (M ≈ −13) 

Possibly from an 
~ η Carinae type progenitor: 
expanding SN interacts with 
the material from past 
outbursts 



Luminous SNe in Underluminous Hosts 
•  A number of SNe discovered in extremely faint dwarf galaxy 
hosts (M ≈  –12 or –13), e.g., 2008fz, 2008iy, 2008hp, 2009aq, etc. 

  Huge specific SN rates (per unit stellar mass) 
•  Many are hyperluminous SNe  massive star progenitors? 
•  Low mass host  Low metallicity  Top‐heavy IMF  ?? 
•  Possible connecMon with GRB hosts?  Local Pop. III analogs?     

 SN 2008hp 
Host Mr ≈  –12.4   

SN 2009aq     
Host Mr ≈  –13   



Discovery of a New FU Ori Object 

Wils et al. ATel 2307 

18 Jan 05 UT:  
14.8 mag


10 Nov 09 UT:  
12.6 mag


CFHT image


IRAS 06068–0641 = 
CSS091110:060919–064155


CTIO spectrum 



Unse@led Stars 

Fast transient (flaring dM), CSS080118:112149–131310 
4 individual exposures, separated by 10 min 

Light curve 

IRAS 06068–0643  (UX Ori type) young star 



Sample Light Curves 
Blazar PKS0823+033 

The plan is to produce light curves for every detected source in 
the survey (> 108 sources), make them publicly available, and 
mine that data set.  Light curves are currently generated on 
demand for transient sources, blazars, etc. 

CV 111545+425822 

Supernova 



Event Publishing / DisseminaMon 
•  Real Mme:  VOEvents, Twi@er, iApp (thousands of events) 

–  Also on SkyAlert.org, feeds to the WWT, GoogleSky 

•  Next day:  annotated tables on the CRTS website 

•  Days/weeks:  ATel, CBET for selected transients (~ 200 so far) 



Real Time Event Publishing via VOEvents and 
SkyAlert  h@p://skyalert.org  

PI:  R. Williams 

Linked VO/archival data 
for classif. and follow‐up 

Dynamically growing por}olio 

Basic event info 

Subscribe to 
VOEvents via email, 
RSS, Atom feed, etc. 



Twi@er and 
iApp Event 
DistribuMon 

A. Drake, R. Williams (CIT) 
B. Truax (DLD, LLC) 
J. Myers (LSST) 



•  ExisMng tools like NED, CDS/Alladin/Vizier, ADS abstracts 
server 

•  VO is larger; IVOA; VO‐I etc. 



DAME  is  a  joint  effort  between  University  Federico  II,  INAF‐OACN,  and  Caltech  aimed  at 
implemenMng (as web applicaMon) a scienMfic gateway for data analysis, exploraMon, mining 
and  visualizaMon tools, on top of virtualized distributed compuMng environment. 

h@p://voneural.na.infn.it/ 
Technical and management info 
Documents  
Science cases 
Newsle@er 

h@p://143.225.93.239:8080/MyDameFE/ 
Web applica2on PROTOTYPE  
(ALPHA release) 

brescia@na.astro.it 



HarvesMng the Human Pa@ern RecogniMon 
Meteor streak 

Wandering  reflection 

Recognizing the 
artifacts (false 
transients) 

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 

How to capture this and teach a machine to do the same thing? 

Contextual 
information 
is essential 



Use Case Scenario: 
Light curves are ambiguous, 
but the presence of a 
possible host galaxy suggest 
that it is a Supernova   



Use Case Scenarios: 
(a) Archival data on potenMal 
host galaxies provides the more 
likely choice, 
(b) Presence of a radio source 
discriminates between a CV and 
a blazar  





Citizen Science Supernova Hunt 

See the celestial context in 
the WorldWide Telescope 



Developing the Interface Between Carbon‐Based 
and Silicon‐Based Minds 

Human-annotated images (via SkyDiscovery.org)  
   Semantic descriptors 
     Machine processing 
      Novel algorithms  



Video pictures ala sixth sense: Porfolios of 
transients (or any object for that ma@er) – 
automagically upda2ng lightcurves, SEDs etc. 

Minority Report like 
interfaces in open sims. 

Summary 

This is the sense in 
which we are moving 


