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F. Zwicky (1898-1974): pioneer of transient astrophysics 
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Introduced (with Baade in 1934) 
the term  supernova (*) 
– and went on to discover 
   120 of them! 

(*) K.Lundmark,  was the first one 
to point out  that there was a class 
of bright novae  
– called them “upper novae”.  



Transient astronomy 
in the CCD era 
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�
�
1980’s: Type Ia supernovae are �
”standard candles”	

Precise distances also for very remote galaxies	
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Time-domain astronomy in the 90’s  
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Discovery of SNIa at z=0.458 (~4.5 Gyrs old) 
showed it was possible to get a cosmological 
sample of SN!  	

1992	

6 



Type Ia supernovae & Dark Energy  
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Data from Betoule et al 2014 



Type Ia supernovae & Dark Energy  

Lund, January 24, 2017 Ariel Goobar   

8 



Planck 2015:  
ΛCDM as healthy as ever! 
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Model based on 
SN results fits 
data from early 
universe! 
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Model based on 
SN results fits 
data from early 
universe! 

But nobody understands what  
dark energy is! More data will 
hopefully help solve the problem... 



Optical Time domain 
astronomy today: 

Great technological improvement   
Larger CCD arrays: Field-of-view of cameras has changed from just 
a few sq.arcminutes to many sq.degrees  

  -> large statistics and improved chances to catch very rare 
transient phenomena. 

  -> High “cadence”, i.e., frequency by which the same piece of sky 
is revisited:  

 1) ability to discover supernovae much earlier in the lightcurve 
and trigger follow-up observations with specialized instruments 
(e.g., from space)  

 2) opened  up the possibility to find new phenomena, with much 
shorter time scales 
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SN2014J in M82: see 
explosion as it happens! 

High-cadence 
KELT data 

iPTF narrow-
band obs. 

Lund, January 24, 2017 Ariel Goobar   

13 

AG+2015 
Siverd, AG+2015 



Palomar Transient Factory 
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P48  
survey telescope 

P60 
 classification 

telescope 
 

P200 
 Spectroscopy 
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Latitude: 33 N 
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From 1940’s! 
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P48 (Samuel Oschin Telescope) 
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From 2010’s! 
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P48 (Samuel Oschin Telescope) 
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7.2 deg2 
operational  

Typical  operation: 60 s exposures + 36 s readout: 
Pixel size: 1”,  S/N=5 for 21 mag in R and g 
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•  ”Cadence” for PTF/iPTF has been changing over time/seasons 
•  350 identified SNe/yr, ~70% SNIa 
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PTF/iPTF in action: R-band 
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Raw data 

processing 

Reference 
Image 

Image 
Subtraction 

Real-Bogus 
(reject false 

alarms) 

Star/asteroid 
Identification 

3 min 

1.5 min/ 
image 

0.5 min/ 
image 

Local galaxy match 

Load  
candidates 

Into  
database 

0.5 min/image 

Scanning Page: human screening 
mainly in Israel and Stockholm   

Database 

COURTESY OF YI CAO & MANSI KASLIWAL 

(Palomar -> Caltech -> LBL) �
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Pipeline flow-chart 
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SN	Ia,	1993	

SN	II,	669	

SN	Ib/c,	
151	

SLSN,	47	
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(i)PTF: a low-redshift Type 
Ia SN factory 

Ariel Goobar   

21 



Lund, January 24, 2017 

(i)PTF: a low-redshift Type 
Ia SN factory 
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What is the origin of the accelerated  
cosmic expansion?  

•  Cosmological constant (Λ), 
consistent with existing data 
but is 1060-10120 times lower 
than the expected vacuum 
energy density 

•  Completely new physics?


•  Combined studies of low- 
and high-redshift SNe 
provides the key for testing 
models for the cosmic 
acceleration: time-evolution 

 

Time-dependence of dark energy
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Cosmological constant

Current measurement
precision on dark energy

Alternative models

Target precision for
combined analysis of
future experiments

(w0) 

(wa) 

ρDE = ρDE
0 a−3(1+w);w =w0 +wa (1− a)

→ w = −1 makes ρDE  constant

Adapted from  
AG & Leibundgut 2011 
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Discovery: 50 times fainter than at peak 

Early observations of SNe – astrophysical unknowns: 
 
§  Search for evidence of shock heating of outer layers of exploding star, interaction 

with companion star, circumstellar medium, surface radioactivity, etc 
 
§   Multi-wavelength follow-up observations to study extinction along line of sight. 

D~100 Mpc 
(z=0.0159) 
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SWIFT 
UV image 

LCOGT 
follow-up 
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Examples of iPTF 
early detections 



Time-line of follow-up of iPTF13dge 
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4.5μm (-4.0)
K (-3.5)

H (-3.0)
J (-2.5)
Y (-2.0)
z (-2.0)
i (-1.5)
r (-1.0)

R (+0.0)
V (+0.0)

g (+0.0)
B (+0.0)

U (+0.0)

Non-detection in R (>20 mag) : iPTF detection in Halpha

Jan 13.47 Jan 15.18

: Zheng et al. 2014

Subtraction Subtraction

: Fossey et al. 2014

Mt. Abu Observatory
LCOGT
Palomar P48/P60
NOT
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SN2014J 

AG+14 
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HST+Ground: The reddening law:  
Milky Way type dust ruled-out! 
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Lund, January 24, 2017 Goobar 08, circumstellar  dust model fits data well. 

Amanullah et al 
2014,15 



Discovery of rare 
transient phenomena 
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On Oct 2, 2016, something quite 
unexpected happened... 
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> 50 times brighter than normal SNIa:         
a 30σ outlier! 

Lund, January 24, 2017 Ariel Goobar   

30 



Perfect match to z=0.409 SN Ia 
+ intervening galaxy at z=0.216 
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Gravitational lensing by 
foreground galaxy?! 
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Multiple images? 

Lund, January 24, 2017 Ariel Goobar   

33 

20” 2”



A quadruple lens configuration! 
Strong evidence for extra “help” by 
microlensing by compact lenses 
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Goobar et al, submitted; arXiv:161100014  

Hubble 
Space 
Telescope 

Keck 
LGAO 
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Time delay measurements for iPTF16geu 
in progres... 



x50 amplification!  
How unlikely is this? 

n  Unknown territory!? Lensing of SN iPTF16geu probes 
inner 0.3”, 1 kpc, of lensing galaxy. This is an 
otherwise very challenging scale for lensing studies.  

n  Why could we find it? System found with >2” ang. 
resolution, since discovery based on time and 
brightness, not angular resolution. 

n  Microlensing by substractures?! A substantial fraction 
of Dark Matter in compact objects would greatly 
enhance probability! 

n  Hard to tell with only one event... Next generation 
surveys will tell! 
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Very unlikely event?! 
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Measured amplification requires extraordinary alignment of 
source and lens – suggests lensing by substructures, e.g., black 
holes, in addition to a smooth matter component from the galaxy. 
Just lucky or something profound?  



     Scaling up: ZTF x15 faster! 
          - can do all available sky every clear night 

PTF/iPTF, 7.3 deg2

HSC, 

1.7 deg2

ZTF, 47 deg2

1 deg

LSST, 9.6 deg2

PS1, 7 deg2

DES, 

2.5 deg2

Survey start: one year from nowtelescope!	
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Next big leap? 
GW-EM counterparts? 
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- Hoping for an optical event 
coincident event with LIGO! 
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Rosswog et al 
arXiv:1611.09822 

“Macronovae”  
merger of   neutron star- neutron star 
or 
                      black hole- neutron star 



Rare, Faint, Red and 
Fast! 
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~100 times fainter  
~100 times rarer 

7-10 days 
effective 
duration 
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Rosswog et al arXiv:1611.09822 

ZTF 

LSST 

VISTA 



Exotic transients? 

n  Microlensing of stars in Andromeda by early universe 
relics. Very short time scales (seconds or minutes!) 
may be expected. Possible lenses: 

    -  Cosmic Strings, cosmological defects from Inflation 

    -  Axion “miniclusters”, condensates of DM (~10-12 M¤) 
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Short time scales: 
new frontier 
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Microlensing durations for =10-12.5

Simulations of 
microlensing of M31 
star by cosmic string in 
line of sight 
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News? What News? 
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Betoule et al 2014 Nielsen et al 2016 


