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What can we observe? 
Astronomy in SpaceTime 

Traditional astronomy is 
on the 3D hyper-surface 
(aka space) of the past 
light cone in the 4D 
spacetime 

Time-domain astronomy 
carves out a 4D hyper-
volume as we move 
along the time axis of the 
4D spacetime 



Systematic Exploration of the Observable 
Parameter Space (OPS) 
Its axes are defined by the 

observable  quantities 

Every observation, surveys 
included, carves out a 

hypervolume in the OPS 

Technology opens new domains of the OPS           New discoveries 



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!



Flaring stars Novae, Cataclysmic Variables 

A Broad Variety of Time-Domain Phenomena 

Supernovae 

Gravitational Microlensing Accretion to SMBHs Gamma-Ray Bursts 



Future:  Super-Massive Black Hole Mergers 
LIGO 

LISA 
VIRGO 

Expected bursts of 
Gravitational Waves 

… and possibly also 
electromagnetic 
transients? 

Supernova breakout shocks Tidal disruption flares 



Astronomy in the Time Domain 
•  Driven by the new generation of large digital 

synoptic sky surveys, leading to LSST, SKA, etc. 
–  Enabled by the IT revolution; a qulitative change 

•  Rich phenomenology, from the Solar system to 
cosmology and extreme relativistic physics 
– For some phenomena, time domain information is 

a key to the physical understanding 
Static  Dynamic sky 

Sources  Events 
•  Real-time discovery in massive data streams 

poses new challenges for knowledge discovery 

Synoptic, panoramic surveys  event discovery 
Rapid follow-up and multi-λ  keys to understanding 



The Future Cosmic Cinematography 
Large Synoptic Survey Telescope 
(LSST)  ~ 30 TB / night Square Kilometer Array (SKA) 

~ 1 EB / second  (raw data) 
(EB = 1,000,000 TB) 





The Palomar-Quest (PQ) 
Digital Synoptic 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), 

time baselines from minutes to years 
•  Collected > 50 TB of data 
•  Operated from Aug. 2003 through Sept. 2008 
•  Key goal:  Exploration of the time domain 

   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 





Real-Time Publishing of Events 
•  VOEventNet:  A telescope sensor network with a feedback 
•  Event publishing in real time (defined the VOEvent standard)  
•  Scientific measurements spawning other measurements and data 

analysis in the real time 

P48
PQ Event
Factory

VOEN Engine

P60

Raptor

Paritel
Web Event

Archive

External 
archives

Compute resources Robotic 
telescope 
network

Follow-up obs.

PI: R. Williams

Now skyalert.org 



Some Things We Have Learned in PQ 
•  In a single-pass, there are ~ 10–2 transients/deg2 down to ~ 20 

mag at moderate/high Galactic latitudes 
– A broad range of phenomena; SNe and CVs dominate; new types of 

transients are starting to appear 
•  There are ~ 102 - 103 asteroids for each astrophysical transient 
 A joint asteroid / transient analysis is necessary 

•  Next-night science is much easier than real-time 
•  Event discovery: a single bandpass, not multicolor photometry   
•  All data-intensive projects are primarily software projects. 

Software = People = Money 
–  In a massive data stream, and a complex software system, the most 

unlikely things will happen, and most of them are bad 
–  There is a tension between the real-time processing demands, and 

non-time-critical processing and archival operations 



•  Collaboration with a search 
for near-Earth asteroids at 
UA/LPL; we discover 
astrophysical transients in 
their data stream 

•  3 telescopes in AZ, Australia  
•  About 6,000 unique, strong transients to date, including > 1,500 

supernovae, > 1,000 CVs, ~ 2,000 flaring blazars/AGN, etc. 
•  > 80% of the sky covered ~ 300 – 500 times over ~ 7+ years 

•  Open data policy: all data are made public immediately 



CSS Discoveries of Earth-Grazing Asteroids 

November 6, 2009 

CSS has discovered  ~70% of all known NEOs 

An extremely low cost 
“sample return mission” 

S. Larson, 
E. Beshore, 
E. Christensen, 
et al. 





CRTS Event Detections as of Sep. 2012 

•  Threshold set deliberately very high (~ 1 – 2 mag, >5 σ), so 
only the most dramatic transients are pulled out in the real time 

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

magnitude higher; available for an archival study 
•  Many events are re-detected repeatedly (not counted above) 

– Many also detected independently by PTF, PS1 



Sample Light Curves 

Blazar PKS0823+033 

Now releasing light curves for 5 ×108 sources 

http://catalinadata.org,  
Soon from IUCAA,  

CV 111545+425822 

Supernova 

Now spanning up to ~ 7 years baseline 









Coadded Images From MLS (1.5m)  
SDSS CRTS 

Combining the data from CRTS and PQ (DeepSky), we will have a 
reference sky coverage of ~ 3π sterad to the depth of r > 23 mag, and 
the light curves (detections or upper limits) for all detected sources 



Follow-Up Observations: 
•   Photometry (P60, NMSU, DAO, HTN, ESO, India, Mexico, etc.) 
•   Spectroscopy (Gemini N+S, Keck, P200, SALT, SMARTS, IGO, MDM) 
•   Astrophysical interpretation and input for classifiers 

Lead: A. Mahabal 

Only a small fraction 
of all events are 
followed adequately 



CRTS Supernova Discoveries 
•  More SNe published in 2009 and 2010 than any other survey 

(probably also in 2011) 

  CSS 071218:120153-185822 = SN 
     2007sr:  Ia in the Antennae merger 

•  Extremely long time-scale 
SNe, e.g., 2008iy   

•  SNe associated with very 
faint host galaxies 

•  Supernova Hunt: citizen                
science SN discovery  

•  Extremely luminous and            
possible pair-production                       
SNe (e.g., SN 2007bi, 2008fz, 2009jh) 



2008fz: The Most Luminous Supernova 

Discovery 

Comparison 

(Drake et al. 2009) 

•   Host galaxy 
> 50 times 
fainter than 
Milky Way  

Normal SN Ia 

•   A possible 
example       
of a pair-
production 
SN? 

•  Brightest type IIn known (5 times brighter than the Milky Way); 
surpassed by subsequent discoveries  



The Ultra-Slow SN 2008iy = CSS080928:160837+041627

Longest-lasting 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 times 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 connection with GRB hosts?  Local Pop. III analogs?     

 SN 2008hp 
Host Mr ≈  –12.4   

SN 2009aq     
Host Mr ≈  –13   



A New Kind of a Supernova? 
•  Transient in an active galaxy 
•  All data consistent with it being a 

Type II SN – but it would be the 
most luminous SN ever seen!  

•  HST and Keck AO imaging shows 
that the event occurred within 150 
pc of the active nucleus 

CSS100217:102913+404220 

The first case of a Supernova           
from an Active Galactic Nucleus 
accretion disk?  (Predicted by theory, 
but never seen before) 

(Drake et al. 2011) 





Variability-Selected IDs 
for the Unidentified 
Fermi LAT Sources 

(Mahabal et al.) 



Cataclysmic Variables and Dwarf Novae 
> 1,000 detected so far, > 75% are new discoveries 

t = 0,  V=14.3 t+10min,c V=19.0 t+20min,  V=14.3

CSS081231:071126+440405
Polar CV

Eclipsing Polar  CSS081231:071126+440405



Unsettled Stars 

Fast transients (flaring dwarf stars) 

Newborn stars, FU Ori objects 

4 individual exposures, separated by 10 



Eclipsing White Dwarfs: Planets? 

(Drake et al. 2009) 

Earth-like planets cause 
~ 10-4 eclipses for the 
main-sequence stars… 

But it could be ~100% 
eclipses for the white 
dwarfs! 



Tidal Streams in the Galactic Halo 
Using > 12,000 RR Lyrae selected from the CRTS light curves 
archive to map the Galactic halo:  discovery of a new tidal 
stream reaching out to 100 kpc (part of the Sag stream?) 

(Drake et al. 2012) 

Sgr dSph 



Automated Classification of Transients 

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! 
(especially as the discovery rates increase by orders of magnitude) 



Towards the Automated Event Classification 

•  Data are heterogeneous and sparse:  incorporation of the contextual 
information (archival, and from the data themselves) is essential 

•  Automated prioritization of follow-up observations, given the 
available resources and their cost 

•  A dynamical, iterative system 

(because human time/attention does not scale) 

A very hard problem! 



Contextual Information is Essential 

Radio Gamma Visible 

CV not SN 

Artifact SN 

•  Visual context contains valuable 
information about the reality and 
classification of transients 
•  Harvesting human pattern recognition 

through crowdsourcing and turning it 
into scalable algorithms 

•  So does the temporal context, from 
the archival light curves 

•  And the multi-wavelength context 
•  Initial detection data contain little 

information: α, δ, m, Δm, (tc).  Most 
of the initial information is archival 
or contextual 
•  Follow-up information trickles in 

slowly, if at all 



The Follow-Up Crisis 
•  Follow-up observations are essential, especially spectroscopy.  

We are already limited by the available resources.  This is a 
key bottleneck now, and it will get much worse 
–  “Exciting” transients are no longer rare – the era of ToO 

observations may be ending, we need dedicated follow-up facilities 
… and most of the existing spectrographs are not suitable for this 

– A hierarchical elimination of less interesting objects: iterative 
classification, photometric observations with smaller telescopes 

–  Coordinated coverage by multi-wavelength surveys would produce       
a first order, mutual “follow-up” 

– We will always follow the brightest transients first (caveat LSST) 
•  Coordinated observations by surveys with different cadences 

can probe more of the observable parameter space 
•  Transients may be overemphasized; there is a lot of good 

science in the archival non-time-critical studies  



Time Domain Astronomy 
… is a vibrant research frontier, touching all subfields of   

astronomy, from the Solar system to cosmology 
… is here now (CRTS, PTF, PanSTARRS, ASCAP, Kepler, Fermi, …) 
− The low-hanging fruit picking season is in a full swing 
− Lots of exciting and diverse science already under way 
− CRTS data stream is open – use it!  (and free ≠ bad) 

… is astronomy of telescope and computational systems, 
requiring a strong cyber-infrastructure 
− A growing importance of VO data grid, archives, and 

astroinformatics tools 
–  Automated classification is a core problem; it is critical for 

a proper scientific exploitation of synoptic sky surveys 
–  Data mining of Petascale data streams both in real time and 

archival modes is  important well beyond astronomy  


