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A Resurgence in TDA Discovery Engines 

January 5, 2017 Mansi M. Kasliwal / AAS 2017 

Evryscope, ASASSN, HATPI ZTF, CSS-II, PS, BG, ATLAS DECAM, HSC, LSST 

Radio: 
LOFAR, MWA and LWA: meter and decameter-mapping  
Apertif, Meerkat and Askap: decimetric mapping 

Optical: 

Infrared: SPIRITS, Palomar Gattini-IR, Polar Gattini-IR 
Ultra-Violet: CUTIE & ULTRASAT 
X-rays and Gamma-rays: Swift, Fermi, MIRAX, Lobster-ISS 
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BUT Infrared Lags Behind 

January 5, 2017 Mansi M. Kasliwal / AAS 2017 

VIRCAM on VISTA 
0.6 deg2 on 4.1m 

WFCAM on UKIRT 
0.16 deg2 on 3.8m 

Space 

ETA (proposed) 
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Sites of r-process nucleosynthesis? 

January 5, 2017 Mansi M. Kasliwal / AAS 2017 

e.g.  Li & Paczynski 1998, Kulkarni 2005,  Roberts et al. 2011, Nakar & Piran 2011,  
Barnes et al. 2013, Grossman et al. 2013, Metzger et al. 2014, Kasen et al. 2016 

Figure from Metzger et al. 2010, 2014 
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WFIRST-AFTA ToO: 
Kilonovae from Neutron Star Mergers 
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neutrons into the surroundings.  These neutrons 
collide with circumstellar material,  and penetrate 
into the nuclei of surrounding atoms.  Such rapid 
neutron capture results  in the production of 
radioactively unstable heavy isotopes near the 
bottom of the periodic table.  In fact, it is  now 
believed that most of the gold and platinum in 
the universe were formed via this process.  

Radioactive decay of the heavy elements 
produced above will heat the post-merger debris, 
causing it to glow for one to a few days.  Being 
full of ultra-heavy elements, the debris should be 
very opaque at optical wavelengths, and the 
balance of radiation will emerge at near-infrared 
wavelengths of 0.8-1.5 microns.  This IR flux 
exceeds  the red visible light by a factor of 
10-100x; the blue optical flux is 100x fainter still.  
It is  therefore widely agreed that the optimal 
LIGO search strategy is  to construct an infrared 
camera with the largest possible field of view, 
permitting rapid and deep scans of the large 
triangulation error boxes reported by the 
antennas.

The Cost Barrier for Infrared Surveys of  the Time-Variable Sky

Only 5 years  ago, the challenge of finding a new, fading source in a 100 square degree patch of 
sky would have been insurmountable.  If one takes two images of the same patch of sky 
separated by an hour,  in 100 square degrees  there are hundreds to thousands of variable 
phenomena from pulsating stars,  accreting black holes, moving asteroids, and imperfections like  
cosmic rays  detector hits,  variations in atmospheric transparency, or detector artifacts.  Sifting 
through this noise in time to spot a fading afterglow is far beyond the capability of  human eyes.

However the field has  recently been revolutionized by the application of computerized 
identification and classification of events using machine-learning algorithms.  Already,  optical 
surveys of the sky are operating on telescopes equipped with CCDs covering one to several 
square degrees  per pointing.  These robotic facilities capture a time-lapse view of the night sky, 
using large computing facilities to sort through the chaff and identify new and interesting sources 
for more intensive followup.  Co-I Kasliwal is  one of the world’s  experts on the design and 
execution of  optical transient surveys.

At present,  every time-domain survey of the sky is  carried out in the optical band for a single 
reason: cost.  A state-of-the art optical CCD sensor with 100 Megapixels may be obtained for ~
$100k; this roughly captures the information content in one square degree of the sky.  However 
CCDs are fabricated from silicon, which is  only sensitive to photons  bluer than 1 micron, exactly 
where merging neutron stars  are faint.  IR detectors are routinely used for astronomy,  but they 
must be manufactured of more exotic materials.  The industry standard material today is 

Amar G. Bose Research Grants

SIMCOE [3 of  6]

Figure 2: Theoretical spectra of  neutron-rich ejecta 
from a neutron star merger, as a function of  time 
after the event.  Red shaded region shows the 
bandpass of  InGaAs IR detectors while blue shade 
shows the bandpass of  Si CCDs.  While the optical 
signal has faded from view within ~12 hours of  the 
merger, the IR afterglow is brighter and lasts for 
several days, greatly facilitating follow up.
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See Hirata, Kasliwal & Nissanke, 
white paper for WFIRST-AFTA 

A WFIRST-AFTA ToO Trigger: 
 
Era of 3-5 advanced gravitational wave 
Interferometers at full sensitivity 
 
~30 mergers localized to <6 sq deg in 5 yr 
 
A 27 hour WFIRST-AFTA ToO: 

 J+H imaging  x 5 epochs (24-25 mag) 
 Grism spectroscopy x 1 epoch (22 mag) 
 IFU spectrum x 1 candidate (25 mag) 
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Depth for 
WFIRST 
is unique! 
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Super Luminous Supernovae: 
Pushing to higher redshift 

10 

SLSN-I 
Magnetars? PPI? 

e.g. Quimby et al. 2011 

SLSN-II 
CSM Interaction 

e.g. Ofek et al. 2008 

SLSN-R  
Pair Instability 

e.g. Gal-Yam et al. 2009 
Mansi M. Kasliwal / AAS 2017 January 5, 2017 
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SLSNe at epoch of reionization 
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Tanaka et al. 2013 

Powerful probe of  
star formation  
across cosmic history 
 
With HLS survey, z~7 
 
BUT identiifying them 
Requires intelligent  
cadence design 
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SPIRITS: 
SPitzer InfraRed Intensive Transients Survey 
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Cycles 10-14 (5 years): 
194 Galaxies x 12 epochs 
1410 hours of Spitzer mid-IR 
 
Every Year: 
110 nights of near-IR imaging 
66 nights of optical imaging 
33 nights of spectroscopy 
 

40+ transients/year 
1200+ variables/year 
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Cold: Nothing in Optical 
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What are SPRITEs? 
1.  Formation of a Massive Star binary 

2.  Stellar Mergers 

3.  Extinguished Supernovae 

4.  Birth of Stellar-mass Black Holes 

5.  e-capture Supernovae in extreme AGB stars  

January 5, 2017 Mansi M. Kasliwal / AAS 2017 18 
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I. A slow SPRITE: 
SPIRITS14ajc in M83 

5

Fig. 1.— All transients (except SPIRITS14afl) are located in grand spiral hosts.

Figure 1: Mid-IR light curves of our four proposed targets. V symbols indicate pre-outburst
upper limits. Note the longer time interval plotted for the very slow transient 14ajc.

5

Fig. 2.— Light Curves

Shock-Excited Molecular Hydrogen Emission!!  

Birth of a massive star binary?? 
Supernova behind molecular cloud?? 

January 5, 2017 Mansi M. Kasliwal / AAS 2017 19 

Kasliwal et al. 2017 
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II. Stellar Mergers: 
Luminosity-Mass Correlation 

January 5, 2017 Mansi M. Kasliwal / AAS 2017 20 

Correlation from  
Kochanek et al. 2014 

Nadia Blagorodnova 
215.06 Talk 

Smith et al. 2016 
Blagorodnova et al. 2016 
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III. Extinguished Supernovae 
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IV. e-capture supernovae 
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e.g. Prieto et al. 2008, Thompson et al. 2008, Kochanek 2011,  
Kasliwal et al. 2011b,  Bond et al. 2009, Botticella et al. 2009  
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SPIRITS: SPitzer InfraRed Intensive Transients Survey, M. M. Kasliwal et al. 5

Figure 4: Left Panel: Spitzer/IRAC images of the Luminous Red Nova M85 OT2006-1 in the lenticular
galaxy M85 (D=17Mpc). Right Panel: Spitzer/IRAC images of the Intermediate Luminosity Red Transient
PTF10fqs in the spiral galaxy M99 (inset is HST/WFC3) [12].

1.1.2 Classical Novae (CNe)

A classical nova (CN) explosion results from a thermonuclear runaway on a white dwarf
(WD) that has been accreting matter from the secondary star in a close binary system. CNe
take part in a cycle of galactic chemical evolution in which grains and gas in the ejecta of
evolved stars enrich the metal abundance of the galactic “ecosystem” [17,18]. CNe account
for chemical anomalies in CNONeMg isotopes in the primitive solar system.

The ejecta of some novae (e.g. QU Vul) are dominated by metals in the gas phase
whereas those of others (e.g. V1668 Cyg) are dominated by dust grains. These two classes
can be discriminated by the SED and by the shape of their 3.6µm light curves [19]; also
see Figure 2. Separately, there have been some interesting advances in the venerable field
of novae. High cadence surveys are now finding fainter and faster novae that violate the
traditional “Maximum Magnitude Rate of Decline (MMRD)” relation [20-21]. Moreover,
rare symbiotic novae have cool companions [75].

Spitzer has not systematically followed up classical novae. A handful of M31 novae were
observed but only 3–7 months after outburst [22]. SPIRITS along with concomitant optical
and near-infrared imaging of the Spitzer fields will enable us to study IR transients soon
after outburst. SPIRITS will detect tens of CNe at 3.6µm out to 10Mpc. Observations of
the development of the outburst with the proposed observing cadence can distinguish the
various types of novae by the shapes of their 3.6µm light curves.
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8393)$;<=)>;?7'
8393ï(-9@3.0/;
'02(/
A&*&B/()(-9@3.0/; Figure 5: Spitzer 3.6µm (blue dots) and

4.5µm (red dots) observations of SN 2011dh
spanning 625 days after explosion. Subtract-
ing a simple extrapolation of the SED from
visible and near-infrared (dashed lines), gives
excess mid-infrared emission (red and blue tri-
angles). At early-time, a thermal echo model
(solid lines) gives dust sublimation at 2000K,
emissivity ratio of 1.56 and shock breakout lu-
minosity of 1044 erg s−1 . At late times, an
additional mechanism such as shock heating
of dust or creation of new dust is needed. [25]



24 

V. Birth of Black Holes? 
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Lovegrove & Wooseley 2013, 
Piro et al. 2013, Pejcha et al. 2015 

Scott Adams 
8 Adams et al.

0.1 1 10
10

100

1000

Figure 6. The SED of N6946-BH1 in 2016 with the best-fitting

model for a surviving star with the luminosity of the progeni-
tor (log L⇤/L� = 5.3) obscured by a dusty shell when treating

our F110W and F160W photometry as detections and the other

bands as upper limits is given by the solid black line. The open
black pentagons are the latest SED constraints from HST and

SST. This particular model has T⇤ = 10700 K, ⌧V,tot = 24.2,
T
d

= 570 K and �2 = 7.8. The dashed green line gives the cor-
responding shell model for 28 July 2011 based on the implied v

e

(⌧V,tot = 206 and T
d

= 1400 K) and the green triangles give

the SST and LBT constraints for that epoch. The high optical
depth required by the 2016 models correspond to such high op-

tical depths in 2011 that the models are optically thick even at

3.6 µm, leading to a step drop in the SED blueward of 4.5 µm
that is in gross contradiction with the observational constraints.

For comparison, the progenitor constraints and best-fit model are
given by the red squares and dotted line.

the progenitor location (unfortunately there is no progen-
itor near-IR data). We will present SED models for three
late-time epochs for which there are both 3.6µm and 4.5µm
observations: 28 July 2011, 16 March 2012, and 21 January
2016. We compliment the SST constraints with optical con-
straints inferred from the HST photometry on 8 October
2015 extrapolated with the V and R-band LBT variability
constraints (see Table 1).

First, we consider whether the progenitor could have
survived as a heavily obscured star with a steady-state
wind or an ejected shell, given the late-time photometric
constraints. Models with the progenitor surviving behind a
dusty wind do not fit the data well even if the surviving star’s
temperature is allowed to vary and all of the photometry is
treated as upper limits except for the clear HST detections
in the near-IR. The basic issue is that even at high optical
depths the models are unable to reradiate the progenitor’s
luminosity primarily at wavelengths redward of 4.5 µm, as
required by the photometric constraints, because the bulk
of the light is reprocessed by hot dust that produces flux
in the near-IR (see Fig. 4). The progenitor did not survive
behind a thick, dusty wind.

Models with the progenitor surviving behind an ejected
shell are also inconsistent with the observational constraints.
A T⇤ ⇠ 3500 K progenitor hidden behind dust cannot easily
reproduce the small slope between the near-IR constraints.
A much hotter surviving star (T⇤ ⇠14000 K) obscured by a
dusty shell is better able to match the near-IR constraints,
although still with a best �2 of 40 when including the vari-
ability constraints. Good fits can only be achieved by (in
addition to allowing T⇤ to vary) treating all of the photom-
etry as upper limits except for the near-IR. In this case, a
model with a hot star (T⇤ ⇠ 11000 K) and a high optical
depth (⌧ ⇠ 24) from cool dust (T

d

⇠ 170 K) can fit the
data with �2

' 0.7. However, such a cool dust temperature
requires a much higher ejecta velocity (⇠ 5000 kms�1) than
allowed by the constraints on the elapsed time between the
start of the optical outburst and the collapse of the opti-
cal flux due to dust formation (170 < v

ej

< 560 km s�1;
see §4.2). Enforcing a prior on the ejecta velocity (with a
10% uncertainty) increases the dust temperature and also
worsens the fit to �2

⇠ 7.8 (see Fig. 6).
Another consideration is the evolution of the IR flux.

The late-time 3.6µm flux decreases faster than the 4.5µm
flux. Although this would be a natural consequence of the
dust temperature decreasing as the ejected shell expands,
the corresponding evolution of the optical depth is problem-
atic for the models. The high optical depths required to fit
the 2016 photometric constraints would correspond to high
enough optical depths in 2011 to be optically thick even into
the mid-IR, resulting in an SED in 2011 that would drop
steeply blueward of 4.5 µm, in gross disagreement with the
SST photometry from 2011 (see Fig. 6).

Essentially, the evolution of the SED can only be well-fit
by our models if the bolometric luminosity fades to be well
below that of the progenitor. Such evolution of the bolomet-
ric luminosity would not be expected for true SN impostors
or stellar mergers. In both of those cases the surviving star
would likely be overluminous rather than subluminous be-
cause an overexpanded envelope is the natural result of any
transient mechanism which has no ’knowledge’ of the es-
cape velocity. Thus, the evolution of the SED suggests that
the progenitor did not survive the event. What then would
explain the late-time flux?

First, we consider whether the late-time emission could
be due to a surviving binary companion obscured by dusty
ejecta from the failed SN of the progenitor. Massive stars
have a large multiplicity fraction (> 82%; Chini et al. 2012;
Sana et al. 2012). Following the methodology of Kochanek
(2009), we estimated the luminosity distribution of surviv-
ing companions of ccSNe for the progenitor mass probability
distribution shown in Fig. 5. For a binary fraction of unity
with a uniform distribution of mass ratios, only ' 70% of
stars (at any given mass) will have a longer-living secondary.
Matching the luminosities of these secondaries to the parsec
stellar models yields the cumulative probability function of a
surviving secondary brighter than a given luminosity shown
in Fig. 7. There is a likelihood of roughly 30% that the pro-
genitor had a secondary at least as bright as the best esti-
mate of log L/L� = 4.50+0.10

�0.07 for the remaining luminosity
in January 2016 (90% confidence intervals). However, a sur-
viving secondary would not explain the continued late-time
decay of the bolometric luminosity implied by the mid-IR
devay. The envelope of the secondary could have been shock

Adams et al. 2016 
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Will WFIRST-AFTA be an infrared 
TDA discovery machine?  

¡ Fast wide-field mapping  
¡ Cadence choice is critical 
e.g. trade depth for more epochs 

¡ Real-time Transient Alerts 
¡ Prompt Data Downlink 
¡ Software Pipelines with Image Differencing 

¡ Target of Opportunity Mode  

On-board spectroscopy is fantastic: 
¡ Combining the power of discovery and follow-up 

January 5, 2017 Mansi M. Kasliwal / AAS 2017 26 
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Thank You 
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40+ infrared transients annually 
(21 supernovae, 4 novae, 15 mysteries) 

January 5, 2017 Mansi M. Kasliwal / AAS 2017 28 
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16 Pejcha et al.
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Figure 18. Peak luminosities and durations of astronomical transients after Kasliwal (2011, 2012). In addition to objects and classes
in Kasliwal (2011, 2012), we show dwarf novae (Warner 2003), FU Ori outbursts (Hartmann et al. 1989; Rodriguez et al. 1990), and red
transients V4332 Sgr (Tylenda et al. 2005a), V1309 Sco (Tylenda et al. 2011), M31 LRN 2015 (Williams et al. 2015), OGLE 2002-BLG-
360 (Tylenda et al. 2013), and CK Vul (Kato 2003). Colored lines are predictions for mass-losing binaries from our semi-analytic model,
where each line corresponds to a single set of binary parameters and a range of timescales (left as a free parameter). The color marks
the escape velocity of the binary, as denoted in the colorbar on the right.

9 SUMMARY OF OBSERVABLE PROPERTIES

AND CONNECTION TO RED TRANSIENTS

We have shown that the luminosity generated by the par-
tial dissipation of the kinetic energy of the outflow from the
L2 point is directly proportional to the mass-loss rate and
the escape velocity of the binary vesc =

√
2GM/a. We have

also argued that similar observational characteristics will be
exhibited by a much wider class of models motivated by in-
spiral of a binary star within a common envelope: disk-like
outflow with asymptotic velocity and energy deposition rate
at the inner edge proportional to vesc. We now use our results
to predict the observable characteristics of optical/infrared
transients produced by binary mass loss.

The primary characteristics of a transient event are its
peak luminosity and characteristic duration tobs (Kasliwal
2011, 2012). If angular momentum loss through the L2 point
dominates the evolution of the merging binary, the timescale
of the associated transient is set by the response of the en-
velope of the primary star to mass loss and the associated
angular momentum loss. At later phases, drag forces in the
non-corotating common envelope will determine the inspiral
and the energy deposition rates. These processes are chal-
lenging to predict with confidence, thus leading us to instead

consider a range of timescales as a free parameter and ask
what is the maximum luminosity produced by a particular
binary on this timescale. We assume that the binary loses
10% of its mass over the transient duration tobs, resulting in
a the mass-loss rate

Ṁ = 0.1
M
tobs
. (41)

We also assume that the binary parameters are approxi-
mately constant during the transient. The peak luminosity
is then estimated as L(tobs), where L(t) is evaluated using the
semi-analytic model (Sec. 5).

In Figure 18, we show the resulting maximum lumi-
nosity as a function of the timescale for a grid of binaries
binaries with 0.005 ≤ a ≤ 0.5AU and 1.4 ≤ M ≤ 14M#. The
lower limit of a is set approximately by the size of the core
of evolved massive stars. For each set of binary parameters
we investigate tobs between 5 and 800 days, which roughly
corresponds to the observed timescales of red transients. We
show only results in cases where the peak transient luminos-
ity is at least 10 times higher than the intrinsic luminosity
of the binary L∗. We see that for each binary, the peak lu-
minosity initially increases as tobs gets longer, because the
luminosity is limited by the time it takes the radiation to

MNRAS 000, 000–000 (2015)

II. Stellar mergers 

January 5, 2017 Mansi M. Kasliwal / AAS 29 

Tylenda et al. 2011 Ivanova et al. 2013, Pejcha et al. 2015 

SPIRITS: SPitzer InfraRed Intensive Transients Survey, M. M. Kasliwal et al. 5

Figure 4: Left Panel: Spitzer/IRAC images of the Luminous Red Nova M85 OT2006-1 in the lenticular
galaxy M85 (D=17Mpc). Right Panel: Spitzer/IRAC images of the Intermediate Luminosity Red Transient
PTF10fqs in the spiral galaxy M99 (inset is HST/WFC3) [12].

1.1.2 Classical Novae (CNe)

A classical nova (CN) explosion results from a thermonuclear runaway on a white dwarf
(WD) that has been accreting matter from the secondary star in a close binary system. CNe
take part in a cycle of galactic chemical evolution in which grains and gas in the ejecta of
evolved stars enrich the metal abundance of the galactic “ecosystem” [17,18]. CNe account
for chemical anomalies in CNONeMg isotopes in the primitive solar system.

The ejecta of some novae (e.g. QU Vul) are dominated by metals in the gas phase
whereas those of others (e.g. V1668 Cyg) are dominated by dust grains. These two classes
can be discriminated by the SED and by the shape of their 3.6µm light curves [19]; also
see Figure 2. Separately, there have been some interesting advances in the venerable field
of novae. High cadence surveys are now finding fainter and faster novae that violate the
traditional “Maximum Magnitude Rate of Decline (MMRD)” relation [20-21]. Moreover,
rare symbiotic novae have cool companions [75].

Spitzer has not systematically followed up classical novae. A handful of M31 novae were
observed but only 3–7 months after outburst [22]. SPIRITS along with concomitant optical
and near-infrared imaging of the Spitzer fields will enable us to study IR transients soon
after outburst. SPIRITS will detect tens of CNe at 3.6µm out to 10Mpc. Observations of
the development of the outburst with the proposed observing cadence can distinguish the
various types of novae by the shapes of their 3.6µm light curves.
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4.5µm (red dots) observations of SN 2011dh
spanning 625 days after explosion. Subtract-
ing a simple extrapolation of the SED from
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e.g. Prieto et al. 2008, Thompson et al. 2008, Kochanek 2011,  
Kasliwal et al. 2011b,  Bond et al. 2009, Botticella et al. 2009  
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SPIRITS: SPitzer InfraRed Intensive Transients Survey, M. M. Kasliwal et al. 5

Figure 4: Left Panel: Spitzer/IRAC images of the Luminous Red Nova M85 OT2006-1 in the lenticular
galaxy M85 (D=17Mpc). Right Panel: Spitzer/IRAC images of the Intermediate Luminosity Red Transient
PTF10fqs in the spiral galaxy M99 (inset is HST/WFC3) [12].

1.1.2 Classical Novae (CNe)

A classical nova (CN) explosion results from a thermonuclear runaway on a white dwarf
(WD) that has been accreting matter from the secondary star in a close binary system. CNe
take part in a cycle of galactic chemical evolution in which grains and gas in the ejecta of
evolved stars enrich the metal abundance of the galactic “ecosystem” [17,18]. CNe account
for chemical anomalies in CNONeMg isotopes in the primitive solar system.

The ejecta of some novae (e.g. QU Vul) are dominated by metals in the gas phase
whereas those of others (e.g. V1668 Cyg) are dominated by dust grains. These two classes
can be discriminated by the SED and by the shape of their 3.6µm light curves [19]; also
see Figure 2. Separately, there have been some interesting advances in the venerable field
of novae. High cadence surveys are now finding fainter and faster novae that violate the
traditional “Maximum Magnitude Rate of Decline (MMRD)” relation [20-21]. Moreover,
rare symbiotic novae have cool companions [75].

Spitzer has not systematically followed up classical novae. A handful of M31 novae were
observed but only 3–7 months after outburst [22]. SPIRITS along with concomitant optical
and near-infrared imaging of the Spitzer fields will enable us to study IR transients soon
after outburst. SPIRITS will detect tens of CNe at 3.6µm out to 10Mpc. Observations of
the development of the outburst with the proposed observing cadence can distinguish the
various types of novae by the shapes of their 3.6µm light curves.
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angles). At early-time, a thermal echo model
(solid lines) gives dust sublimation at 2000K,
emissivity ratio of 1.56 and shock breakout lu-
minosity of 1044 erg s−1 . At late times, an
additional mechanism such as shock heating
of dust or creation of new dust is needed. [25]


