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

LOFAR, MWA and LWA: meter and decameter-mapping  
Apertif, Meerkat and Askap: decimetric mapping 
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Step 1: 

Infrared Follow-up of Optical Discoveries 
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New Class: 
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.

!"! !"# !"$
!"ï#

!"ï!

!""

!"!

%&'()*&+,()(-./0*&0+)12345

6/
7-
)8
(+
*&9
4)
1'
:4
5

 

 
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]
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New Class: 
Stellar merger 
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Tylenda et al. 2011 Ivanova et al. 2013 

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
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]
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Supernova Thermal Echoes 
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Fox et al.  
2011, 2013 
 
SN Ia: 
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2014 
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Super Luminous Supernovae: 
Pushing to higher redshift 

12 

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 / The Dynamic Infrared Sky November 18, 2014 
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Step 2: 

Infrared Discovery  

(targeting nearby galaxies) 

November 18, 2014 Mansi M. Kasliwal / The Dynamic Infrared Sky 13 
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SPIRITS: 
SPitzer InfraRed Intensive Transients Survey 
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Ongoing in Cycle 10 (2014) 
 
190 Galaxies x 3 epochs 
 
338 hours of Spitzer mid-IR 
 
110 nights of near-IR imaging 
 
66 nights of optical imaging 
 
33 nights of spectroscopy 
 
PI Kasliwal  
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1200+ Strong Variables 
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SPIRITS: SPitzer InfraRed Intensive Transients Survey, M. M. Kasliwal et al. 7

SPIRITS can also uncover obscured supernovae missed by optical surveys. Thermal
echoes are an effective way to detect SNe in highly obscured starbursts, where the rate
of detection using standard search techniques in the IR has been surprisingly low [27]. We
propose to look for echoes which are less extincted because of their spatial extent compared to
SNe photospheres. The progenitor will have cleared out a region comparable to its Strömgren
sphere before entering its late stages of evolution, stretching the thermal echo’s peak delay
to many days, and possibly weeks. We have five candidate obscured supernovae which are
luminous in the infrared but have no optical counterparts. However, the slow cadence of
the Cycle 10 SPIRITS search doesn’t constrain rise-times precisely, and makes this inference
ambiguous. We are therefore requesting additional shorter cadence baselines here.

1.2 Eruptive Variables
The most luminous stars are unstable. The majority have copious mass-loss, and in some
cases dust formation takes place readily. Some have spectacular and episodic mass-loss (e.g.
LBVs, ηCarinae). The SED of some stars is dominated by their dust (e.g. R CrB). Hence,
the mid-IR band is ideally suited to study these stars.

SPIRITS has already discovered over 1200 strong variables. We illustrate the diversity on
a color-magnitude diagram of SPIRITS variables in just one galaxy, NGC6822 (Figure 6).
Furthermore, ground-based near-IR observations help further distinguish between red super-
giants (RSG), oxygen-rich Asymptotic Giant Branch Stars (O-AGB) carbon-rich AGB stars
(C-AGB), and extremely red variables. Note that some variables are so red that we only
have upper limits on their color; they are too red to be AGB stars. Understanding these red
variables is uncharted territory.

100 200 300 400 500 600
Days

-8.0

-8.5

-9.0

-9.5

-10.0

Ab
so

lu
te

 M
ag

ni
tu

de
 (3

.6
um

)

C-AGB

O-AGB

RSG

Extreme?

Figure 6: Left: Color-magnitude diagram for all SPIRITS variables in NGC6822 (metallicity of 0.4 Z!).
Point sizes are scaled linearly with the maximum amplitude of variability observed for each source. Variables
known to be Red Supergiants, Oxygen-rich AGB and Carbon-rich AGB are marked [48,81]. Some extreme
variables are marked, e.g. SPIRITS14vc (longest period of 1073 days), SPIRITS14azz (largest amplitude of
3.4mag) Right: Collage of light curves of eruptive infrared variables: a monotonically declining extremely
red variable (red), a red supergiant (blue), a semi regular Carbon-rich AGB (green; offset by 1 mag for
clarity) and an irregular Oxygen-rich AGB (orange).
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40+ infrared transients 
(21 supernovae, 4 novae, 15 mysteries) 
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17 

Grand Spiral Host Galaxies 
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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
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Diverse Photometric Evolution 
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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
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Cold: Nothing in Optical 
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SPIRITS: SPitzer InfraRed Intensive Transients Survey, M. M. Kasliwal et al. 3

1.1.1 Gap Transients
SPIRITS has uncovered a class of unusual infrared transients that predominantly occur in
grand spirals and have no optical counterparts whatsoever. These transients are neither
detected in our concomitant optical surveys with Swope, Palomar, and LCOGT nor are
they detected in deep HST imaging (archival and DDT follow-up). Concomitant infrared
surveys with Retrocam and MLOF suggest very cold blackbody temperatures (spanning
500K to 3000K; see Figure 2). These transients cannot be classical novae, as the mid-
infrared luminosities are much higher than Eddington. If these were supernovae, they would
be extremely obscured (!50mag of extinction in some cases!). The photometric evolution
is diverse and spans slow rise, flat evolution, and fast decline. We speculate that these
represent diverse physical origins such as the birth of a massive star binary, a heavily obscured
supernova, electron-capture induced collapse of an extreme AGB star, and stellar mergers.
Theoretically, coalescence of 1—30 M! binaries is expected to create copious amounts of
dust in an optically thick wind launched during the stellar merger [65-67]. Weak shocks in
failed supernovae that form black holes may also not lead to bright optical transients but
rather infrared transients (the ejection of large amounts of material at low velocity may
condense to form dust) [71-73]. Next, we discuss one unusual transient in some detail.

10 100 1000
Time (Days)

-5

-10

-15

-20

3.
6u

m
 M

id
-IR

 L
um

in
os

ity
 (A

bs
 M

ag
)

Novae

metal-dominated (QU Vul)

dust-dominated (V1668 Cyg)

Supernovae

Type Ia (SN2014J)

Type IIb (SN2011dh)

Intermediate Luminosity Red Transients

14aje
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Figure 2: Left: Examples of SPIRITS transients (colored stars) bridging the mid-infrared luminosity gap
between novae and supernovae (grey circles). Right: Blackbody light curves of SPIRITS transients indicate
effective temperatures between 500K and 3000K. Upper limits (downward triangles) are obtained from
multiple telescopes including Keck, Palomar, HST, Magellan, Dupont, Swope, Mt. Lemmon, UKIRT. [32]

Birth of a Massive Star Binary: A Suprising Discovery

We found SPIRITS 14ajc in a spiral arm of M83 and it has stayed at a [3.6] luminosity of
−11mag and a [3.6]− [4.5] color of 0.7mag for the past four years (Figure 2). No quiescent
source was detected in archival Spitzer images taken between 2006 and 2008. Neither an
optical nor a near-infrared counterpart is detected in ground-based follow-up and HST,
placing limits of I > 25.5mag and H > 22mag. The cool SED gives an effective blackbody
temperature of 900± 30K (Figure 2).

A crucial clue on the origin of SPIRITS 14ajc comes from a Keck/Mosfire spectrum,
which showed five lines of excited molecular hydrogen. The relative line intensities of four
1-0 ro-vibrational lines are consistent with a shock temperature of ∼1000K. However, the

Samaporn Tinyanont 
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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?? 

November 18, 2014 Mansi M. Kasliwal / The Dynamic Infrared Sky 20 
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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.
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Fig. 2.— Light Curves
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Bridging the infrared gap 
between novae and supernovae 
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SPIRITS: SPitzer InfraRed Intensive Transients Survey, M. M. Kasliwal et al. 3

1.1.1 Gap Transients
SPIRITS has uncovered a class of unusual infrared transients that predominantly occur in
grand spirals and have no optical counterparts whatsoever. These transients are neither
detected in our concomitant optical surveys with Swope, Palomar, and LCOGT nor are
they detected in deep HST imaging (archival and DDT follow-up). Concomitant infrared
surveys with Retrocam and MLOF suggest very cold blackbody temperatures (spanning
500K to 3000K; see Figure 2). These transients cannot be classical novae, as the mid-
infrared luminosities are much higher than Eddington. If these were supernovae, they would
be extremely obscured (!50mag of extinction in some cases!). The photometric evolution
is diverse and spans slow rise, flat evolution, and fast decline. We speculate that these
represent diverse physical origins such as the birth of a massive star binary, a heavily obscured
supernova, electron-capture induced collapse of an extreme AGB star, and stellar mergers.
Theoretically, coalescence of 1—30 M! binaries is expected to create copious amounts of
dust in an optically thick wind launched during the stellar merger [65-67]. Weak shocks in
failed supernovae that form black holes may also not lead to bright optical transients but
rather infrared transients (the ejection of large amounts of material at low velocity may
condense to form dust) [71-73]. Next, we discuss one unusual transient in some detail.
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Figure 2: Left: Examples of SPIRITS transients (colored stars) bridging the mid-infrared luminosity gap
between novae and supernovae (grey circles). Right: Blackbody light curves of SPIRITS transients indicate
effective temperatures between 500K and 3000K. Upper limits (downward triangles) are obtained from
multiple telescopes including Keck, Palomar, HST, Magellan, Dupont, Swope, Mt. Lemmon, UKIRT. [32]

Birth of a Massive Star Binary: A Suprising Discovery

We found SPIRITS 14ajc in a spiral arm of M83 and it has stayed at a [3.6] luminosity of
−11mag and a [3.6]− [4.5] color of 0.7mag for the past four years (Figure 2). No quiescent
source was detected in archival Spitzer images taken between 2006 and 2008. Neither an
optical nor a near-infrared counterpart is detected in ground-based follow-up and HST,
placing limits of I > 25.5mag and H > 22mag. The cool SED gives an effective blackbody
temperature of 900± 30K (Figure 2).

A crucial clue on the origin of SPIRITS 14ajc comes from a Keck/Mosfire spectrum,
which showed five lines of excited molecular hydrogen. The relative line intensities of four
1-0 ro-vibrational lines are consistent with a shock temperature of ∼1000K. However, the
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WFIRST-AFTA systematic search 
for infrared transients? 

 

¡ Fast wide-field mapping  
¡ Cadence choice is critical 
¡ Trade depth for more epochs 
¡ Software plan for real-time image-differencing alerts 
 

¡ On-board spectroscopy is fantastic!  
¡ Combining the power of discovery and follow-up 
¡ Agility with spectroscopy ToOs  
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Seeing the Sound: 
Bridging Gravitational Wave Physics and 
Electromagnetic Astronomy 
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Strong Field Gravity: Masses, Spins, Inclination 

19/48

+ Masses

+ Spins

+ Geometric properties:

- Inclination angle
- Source Position
- Luminosity distance

from the GW waveform
~ % -several %

~ several to tens %

~ tens of %

GW+ EM.

from EM signature
Energetics and beaming?

Ejecta mass and velocity?

Environment

r process nuclear physics?
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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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Summary 
¡ Infrared Sky is Ripe for Exploration 

Some stellar fates are entirely enshrouded 

¡ A targeted infrared search with Spitzer/IRAC 
Mysterious SPIRITS mid-infrared transients 

¡ A wide-field transient search with WFIRST-AFTA 

¡ Gravitational Wave ToOs with WFIRST-AFTA 
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Thank You 
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