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Mission Overview:
ULTRASAT is a UV time domain Explorer with an unprec-

view, and continuous sky coverage.  It will open a new 
observational window to study fast transient and variable 
phenomena on a range of time scales from minutes to 
years. The data collected will enable great science in three 
major areas: Progenitor-Supernova Mapping, Tidal 
Disruption Events and Gamma Ray Burst Afterglows.

ULTRASAT Instrument

telescope array

ULTRASAT addresses NASA Strategic Goals; arising from New Worlds New Horizons, 2010

Mission Partners Key Responsibilities
Israel U.S.

Ames Caltech
Spacecraft I&T UV Camera UV Detector Assembly

Instrument I&T SB SAT Terminal Science Data Center (IPAC)

Launch 2018

ULTRASAT
Ultraviolet Transient Astronomy Satellite

Field of View 
= 121 deg2

1700 mm

Single Telescope Exploded View

NASA Important Questions ULTRASAT Compelling Science Objectives

How do the lives of massive stars end?

Massive Star Death—Early UV photometry of a sample of ~300 young supernovae 
will determine the radii and surface composition of their progenitor stars, and thus 
the deceased progenitor star pre-explosion nature: cool red supergiant (~500 Solar 
Radius, R


), hot blue supergiant (~50 R


), or a compact Wolf-Rayet star (~5 R


). UL-

TRASAT will identify mass-loss signatures to constrain pre-explosion evolution. 

How do black holes grow, radiate, and Tidal Disruption Events (TDEs)— By identifying  >100 TDEs per year, ULTRASAT 

models (spherical vs. triaxial) and studying TDE physics.

What mechanisms are at work when SNe 
produce GRBs? 

Gamma Ray Burst Afterglows (GRBAs)— Detection of even a single orphan GRB 

and thus true GRB energy. ULTRASAT will identify ~10 GRB UV afterglows per year and 
an expected similar number of orphan GRB afterglows.  

Science Payload Key Facts
Payload type 4 telescopes
Mass (kg) 91 CBE
Field of View / sky coverage 484 deg2 / 881 deg2

Band of Operation 200 – 240 nm
Sensor type Fully depleted p-channel CCD
Sensor format 4128 x 4114 pixels, binned 
Readout Noise < 5 e- rms 

> 30 %
Pixel Scale 19.3”
Integration time ~ 740 s
Point Source Detection 21 mag (AB), 5 σ
Data / day (compressed) 1.1 GB
Young SNe per year >100
Transient alerts distribution 1 hour 
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ULTRASAT Data Flow

ULTRASAT Orbit

Schedule

Mission Characteristics
Launch Date 2 / 5 / 2018
Launch vehicle SpaceX Falcon 9
Mission Duration 35 months
Orbit Type Sun-synch
Continuous imaging Midnight sky
Orbit Altitude 720 km
Spacecraft dry mass (MEV) 381.6
End of life power (W) 750

Inmarsat

Alerts to
Community

Science Data Center 
(SDC)   IPAC

• Pipeline Processing
• Archiving

Science Event Center 
(SEC)  Ames

• Follow-up Coordination

ULTRASAT S/C
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IAI, Israel
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Team
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Table E.5-1. Members of the ULTRASAT Science Team
Name Org Role and/or Subject Expertise on Team

Shri Kulkarni Caltech & 
PTF ULTRASAT PI 

Sterl Phinney Caltech Astrophysics, AGN, TDE
Chas Beichman IPAC Science Data
Shouleh Nikzad JPL CCD, δ-doping, backside Processing Lead
Martin Still NASA ARC Science Event Center Lead 
Simon P. Worden NASA ARC Astrophysics , stellar activity 
Christopher Bebek LBNL Wafer Fabrication Lead
Roger Smith Caltech Detector System Lead
Collaborators
Eli Waxman WIS ULTRASAT PI; Astrophysics , shock breakout
Avishay Gal-Yam WIS ULTRASAT deputy PI; Astrophysics, SNe
Ilan Sagiv WIS ULTRASAT Project Scientist
Eran Ofek WIS Image subtraction pipeline, Astrophysics, SNe
Oded Aharonson WIS/Caltech Astrophysics, exoplanets
Ehud Nakar Tel Aviv Univ. Astrophysics, GRB afterglows
Dan Maoz Tel Aviv Univ. Astrophysics, AGN
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and Apertif (and ultimately SKA) that will also study 
transients. The dynamic sky has been a major science 
driver for high-energy X and Γ-ray astronomy, with 
current (Swift, Fremi, MAXI/ISS) and future (for 
example, AstroSAT, SVOM, LOFT) space missions 
offering wide-field capabilities. 

In contrast, there has been little time-domain study 
and exploration in the ultraviolet (UV)  (100-300nm). 
This is all the more surprising given that several major 
questions in astronomy (reviewed below) can be 
addressed even by a modest UV time-domain explorer. 
It is this combination of opportunity and great science 
themes that motivate the ULTRASAT mission.

Historically, exploration of the UV by photoelectric 
missions (OAO 2-3, TD-1A, ANS) provided 
photometry and spectroscopy of stars and 

ULTRASAT’s Science Objectives and relevant decadal survey science 
questions* ULTRASAT will undertake the first wide-field UV time-domain survey, 
revolutionizing our understanding of the transient UV universe, and exploring a new 
parameter space in energy (mid-UV) and time-scale (minutes)  ULTRASAT will resolve 
key questions regarding cosmic explosions and massive star death (SSE-3*) and 
explore the dynamics around supermassive black holes (GCT-3*)  Rapid alerts about 
UV transients will enable global communities of astronomers to undertake studies of 
hour-old events and benefit neutrino detectors (CFP-4*) like IceCube  In addition to 
these key objectives, ULTRASAT will provide a rich legacy data set for studies of active 
galaxies, stellar variability, and the host stars of exoplanets  

Obj-1: Massive Star Death - Early UV photometry of a sample of ~300 young 
supernovae will determine the radii and surface composition of their progenitor stars, 
and thus the deceased progenitor star pre-explosion nature: cool red supergiant (~500 
Sun Radius R), hot blue supergiant (~50 R), or a compact Wolf-Rayet star (~5 R)  
Mass-loss signatures will constrain pre-explosion stellar evolution  

Obj-2: Tidal Disruption Events (TDEs) - By identifying >100 TDEs per year, 
ULTRASAT will achieve the first robust measurement of the TDE rate, probing galactic 
structure models (spherical vs  triaxial) and studying super massive black holes through 
TDEs  

Obj-3: Gamma Ray Burst (GRB) Geometry - ULTRASAT will identify ~10 GRB UV 
afterglows per year and a similar number of orphan GRB afterglows  Detection of even 
a single orphan GRB afterglow will confirm the GRB jet model; the normal/orphan ratio 
will constrain jet structure and thus true GRB energy  
* Decadal Survey -- New Worlds, New Horizons in Astronomy and Astrophysics – 2010, Table A.1, p 247

Science

ULTRASAT Science Rationale:
A Golden Decade: It is widely agreed that this is a 
golden decade for time-domain astronomy (“area of 
unusual discovery potential”; 2010 Decadal Survey). 
There are three reasons for this developing focus. In 
most electromagnetic bands the static sky has been 
imaged to interesting depths. Next, technology is 
now enabling efficient monitoring of large swaths 
of sky. Finally, some of the most exciting frontiers, 
particularly those related to cosmic explosions, 
require wide-field imaging surveys.

It should therefore not come as a surprise that the 
Large Synoptic Survey Telescope (LSST), a wide-
field optical survey telescope, was the top choice 
of the US astronomical community for ground-
based astronomy. Radio astronomers are developing 
powerful mapping machines such as LOFAR, MWA 
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studied bright Galactic variables and novae [1,2,3]. 
Subsequent missions such as IUE, FUSE and HST 
focused on single-object spectroscopy, with narrow 
fields of view prohibiting survey operations. Only 
in 2003 did the ~1.2 deg2 field GALEX mission start 
the first systematic study of the extra-galactic static 
sky, with a very limited time-domain program [4]. 
A modern wide-field UV time-domain explorer is 
therefore a timely mission. 

ULTRASAT, A Time Domain UV Explorer: ULTRASAT 
was designed with the singular goal of time-domain 
exploration of the UV sky. With a field-of-view of 484 
deg2 (corresponding to 1.2% of the celestial sphere) 
and a sensitivity of about 21 mag (AB) for a single 740-
s image (similar to that of the GALEX all-sky imaging 
survey), ULTRASAT will undertake an unprecedented 
time domain survey of the UV sky in the 200-240nm 
band. ULTRASAT achieves this high sensitivity (relative 
to the GALEX micro-channel plate imagers) by using 
high quantum efficiency δ-doped CCDs and state-
of-the-art anti-reflection coatings. Here, we focus on 
three major themes of astrophysics that ULTRASAT 
will address: the deaths of massive stars and the birth 
of supernovae (SNe), the demographics of nuclear 
black holes and the geometry of gamma ray bursts 
(Figures A-C).

1) Massive Star Death - The explosive death of 
massive stars as SNe is a complex, unsolved 
problem. Determining the physical properties of 
massive stars prior to explosion is a critical step 
towards understanding SNe. Direct identification 
of SN progenitor stars is limited and only about 10 
SN-progenitor pairs are known[5]. UV observations 
of young SN explosions provide a powerful method 
for studying the properties (e.g., radius, surface 
composition;[6,7,8] Figure A.1) of the progenitors. 
The 3-year ULTRASAT mission will measure the 
physical nature of 300 progenitors, more than 
enough to build a robust understanding of the 
most common stellar explosions. 

2) TDEs - The disruption of a star by a nuclear 
supermassive black hole (SMBH) in a galaxy 
provides a measure of the upper limit on the mass 
of the SMBH (108 M for a 1M star). By measuring 
~100 of such events per year, ULTRASAT will 
provide the first robust measurement of the TDE 
rate per galaxy, which, in turn is a unique probe of 

galactic inner structure. High quality TDE data will 
probe the physics of TDEs and potentially SMBH 
properties (Figure B).

3) GRBs - The ratio of orphan GRB afterglows 
(UV but no high-energy signal) to normal 
events (contemporaneous UV and high energy 
detections) will measure the GRB jet opening 
angle (see Figure C). Detection of even a single 
orphan GRB will provide direct confirmation of the 
accepted but unproven GRB jet model. Detection 
of scores of orphan afterglows will yield average 
jet opening angles and thence settle the true 
energy budget of GRBs.

ULTRASAT, through its early detection of transients, 
will drive vigorous ground and space-based follow-
up observations of great value to many astrophysics 
communities. Month-long UV continuous 
observations of large sections of the sky will provide 
a treasure trove of data to uniquely address the 
astrophysics of active galaxies; hot stars, white dwarfs 
and the activity of stars (an important input for planet 
habitability); and will likely provide a unique insight 
into the phenomenology of extrasolar planets; see[10] 
for a detailed review.

 The Galactic plane crossing of ULTRASAT is very well 
suited to studying the rotation history and the proto-
planetary/circumstellar disks of pre-main sequence 
and young stars in the Taurus, Orion and Monoceros 
regions and the Orion OB association. High cadence 
UV observations may help identify the missing 
population of post T Tauri stars.

 ULTRASAT may significantly enhance the sensitivity 
of high-energy neutrino detectors such as IceCube 
by reducing their backgrounds through precise 
timing of the SN explosion providing coincidence 
with a neutrino signal. Pinpointing an astrophysical 
source of neutrinos will shed light on the related 
open question of the origin of ultrahigh energy 
cosmic-rays, and will enable probing fundamental 
neutrino properties (e.g., flavor oscillations and 
coupling to gravity) with an accuracy many orders 
of magnitude beyond what is currently possible, e.g., 
using upward moving τ particles. [11] 

Finally, ULTRASAT will thoroughly explore a new 
physical parameter space (short UV transients), offering 
the potential of new and unexpected discoveries. 
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ULTRASAT Science 
  

ULTRASAT will open a new observational window to study fast transient and variable phenome-
na in the UV on a range of time scales from minutes to years. 
The data collected will allow great science in three major areas: Massive Star Death, Tidal 
Disruption Events and Gamma Ray Burst Afterglows.

A. Massive Star Death

A.1. Deriving physical properties of massive stars from early-UV observations:

emission from compact progenitors

for extended 
supergiants

A.1-3

105
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Time since explosion [s]
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)
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)
WR (He)
WR (C/O)

A.1-2

ULTRASAT
sensitivity

Type ll SN: extended red 
supergiant progenitor – 
late, high-luminosity peak

Type lb SN: 
compact W-R 
progenitor – early, 
lower-luminosity 
peak

A-1.1: Theoretical models (solid: [ref 7]; dashed: [ref 8]) compare well with observations (red: Type II SN from [ref 
23], blue: Type Ib SN from [ref 24] ). The compact W-R progenitor of the Type Ib SN 2008D results in an earlier peak 
(blue arrow), while the red supergiant progenitor of the Type II SN from [ref 25] peaks substantially later with a 
luminosity higher by an order of magnitude. Single-image ULTRASAT 5 s detection limits as a function of distance or 
shown for reference.

A-1.2: Model predictions for the evolution of temperature with time for shock-cooling emission from massives stars 
(following [ref 8]). Note that models with equal stellar radii (5 R_solar BSG and W-R models) but with di�erent 
compositions (H for BSG, He and C/O for W-R) diverge. Since the time of maxium is determined by the temperature 
evolution (A.2-2), ULTRASAT time-resolved measurements (A.2-1) will be enable to determine the composition of 
exploding stars. [ref 8] apply this process to observations of SN 2008D and demonstrate its validity.

A-1.3: The early temporal range of <1000s would be probed by ULTRASAT for the �rst time; the �rst ULTRASAT data 
points (~100s) would be able to critically test con�icting models.

Infer supernova progenitor properties via Shock Cooling Radiation.
• Direct identi�cation of SN progenitors is limited to ~30 Mpc and therefore 
only ~10 such events are known.
• Extending this limit to hundreds of Mpc, ULTRASAT will provide ~300 SN 
progenitor pairings for robust mapping of the most
common stellar explosions, and probe rare classes.
The best indication of a progenitor star type is radius, which can be 
determined after the SN detonation using the right UV signature of a new SN. Analysis of the light curve constrains the 
surface composition.

ULTRASAT in a Nutshell
Continuous imaging Anti-sun direction
Cadence 24 mins
Band of operation 200 ~ 240 nm
Field of View 484 deg2

Angular resolution 19.3 arcsec
Alert latency < ~30 min
Sensitivity for ~ 740 sec 21 AB magnitude (5 σ)
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A.2-1

A.2-2

Observed 
(in-band) 

Flux density 
(L)

ULTRASAT dense sampling 
enables a reboust 
determination of peak time 
and luminosity

Coarse sampling (e.g., 
GALEX pilot experiment) 
provides detections, but not 
peak time or rexact 
luminosity

As time progresses, temperature drops 
(spectrum cools) while total luminosity 
remains constant. Time to peak is a 
measure of radius.Early time: hot 

spectrum, little 

spectral peak 
is in band

Late time: cool spectrum, 
spectral peak moves 
below band

ULTRASAT 
band

ULTRASAT data, limit

GALEX data point

t1

t2

t3

1 3 6 Time (hours)

Wavelength (nm)200 240

t1
t2

t3

Time

GALEX NUV reference

SDSS optical image

GALEX NUV detection
B. Tidal Disruption Events 

Probe inactive nuclear black holes via TDEs
• ULTRASAT will identify >100 TDEs per year.

models and physics.

Tidal disruption
Trajectory simulation of a star being 
tidally distributed as it swings by nuclear 
black hole. [ref 13]

Measurements 
of TDE 
PS1-10jh.
[Ref 31]

SMBH

A.2
ULTRASAT cadence is required to 
temporally resolve the light curves of 
massive star explosions and thus 
determine radius. Lower cadence work 
using UV narrow-�eld instruments can 
detect a few events, but not resolve 
the light curve. The ULTRASAT blue 
band is needed in order for max[f(t)] to 
be ~1 day. At longer wavelengths the 
peak occurs later, and confusion with 
other processes (e.g. radioactivity) will 
interfere with the measurement.

A.3
PTF12glz, one of the six supernovae detected in our pilot GALEX/PTF experiment. The UV 
faint host galaxy (u=21.06 mag from SDSS, bottom panel) is barely seen in the NUV GALEX 
reference (top). The detected SN (middle) was spectroscopically classi�ed as a Type IIn 
event.
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C. Gamma Ray Burst Afterglows 

14]

C. Orphan 
Afterglow
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D. ULTRASAT UV Transients

Supernova, GRB and TDE UV emission in 
the ULTRASAT band, and above mission 
sensitivity threshold (21 mag) based on 
the few known examples. Typical 
timescales, distance/redshift and host 
galaxies clearly di�erentiate among 
these classes. Early emission (<1 day), 
previously only available for GRBs 
(following high-energy triggers) will be 

and any new/unknown object classes.  
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Supernovae 
day timescale 
persistent for weeks

Supernovae will 
typically occur in 
nearby galaxies [data: 
ref 15]   

GRB afterglows 
hour 
timescale 
rapid decline

GRBs are located in 
distant dwarf 
galaxies;  high 
redshifts are a 
distinctive signature
[data: ref 17]   

exposure image day month year

TDEs 
month time scale 
single robust example 

TDE host galaxies will 
often be luminous; red 
galaxies are a unique 
signature
[Data and model: ref 31]   

Determine the geometry of GRBs (Orphan afterglows)

• ULTRASAT will identify ~ 10 GRB UV afterglows per year

• Gamma-ray bursts are commonly assumed to result from relativistic and highly collimated jets with small (a few 
degrees) opening angle. GRBs viewed sideways to the jet produce dimmer but more abundant afterglows 
("orphans"). ULTRASAT could detect at least a few such events per year and thereby verify a fundamental assump-
tion of GRB models.
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1.7º every 25 orbits

A. ULTRASAT Field of View and Orbit

A-1.

 

ULTRASAT Year in the Life: Every 25 orbits the satellite maneuvers 

anti-sun direction as the Earth orbits the sun (Overlay: TD1 star catalog).

C. Bonus Science

A-2. ULTRASAT Orbit
LTDN 18:00
Altitude 720 km
Orbit inclination 98º
FOV direction Anti-Sun
Period 98 mins

B. Concept of Operations

A telescope take 6 exposures each with ~110 seconds followed by a 7 seconds 
readout. After 6 exposures are taken, the satellite rotates by 45º about its principal 
axis in ~40 seconds. Meanwhile, the exposures are stored (uncompressed for up to 
24 hours) and coadded with a CR rejection algorithm to form an "image". The image 
is compressed and transfer to the ground station.

110 s 110 s 110 s 110 s 110 s 110 s

median of 6 
saved (34 MB)

compressed (10 MB)

Transmitted
to ground at

230 kbs

5.7 min

110 s 110 s 110 s
7 s

individual 
exposures 
saved for 
24 hours

6 cycles of ~110 s exposure 

Maneuver 45º / ~40 s
• Data Rec. 10 s
• Processing <70 s
• Data transfer 10 s

Imaging cycle, ~740 s

...

1

3
4 2

1

3
4 2

1

3
4 2

1

3
4 2

1

3
4 2

1

3
4 2

4 1

23

4 1

23

4 1

23

exposure exposure exposure exposure exposure exposure exposure exposure exposure

4 1

23

4 1

23

exposure exposure
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Milky Way

Twice a year the Milky Way, where dust attenuation is high, will pass through the ULTRASAT FOV (see A). The 
high cadence data from ULTRASAT will provide unique data, particularly the start of outbursts, pre-main 
sequence stars and a variety of accretion transfer binaries (value shown by Kepler). This is also well suited to 
the study of eclipsing binaries of disparate stars (hot and cold components), and we expect a fairly unbiased 
catalog of post common-envelope binaries.

Approximately 20% of 
the ULTRA pointings 
will have attenuation 
larger than 2 mag

~38.5º

ULTRASAT is a UV time domain explorer with an unprecedented combination of sensitivity, extremely 
wide �eld of view, and continuous sky coverage. ULTRASAT provides:
• Continuous coverage in the anti-sun direction from a sun-synchronous orbit.
• Early warning for other space and ground based observatories of new supernova, detecting afterglows 
of Gamma Ray Bursts and related relativistic explosions.



11

ULTRASAT Mission 

1.7º every 25 orbits

A. ULTRASAT Field of View and Orbit

A-1.

 

ULTRASAT Year in the Life: Every 25 orbits the satellite maneuvers 
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24 hours) and coadded with a CR rejection algorithm to form an "image". The image 
is compressed and transfer to the ground station.
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Twice a year the Milky Way, where dust attenuation is high, will pass through the ULTRASAT FOV (see A). The 
high cadence data from ULTRASAT will provide unique data, particularly the start of outbursts, pre-main 
sequence stars and a variety of accretion transfer binaries (value shown by Kepler). This is also well suited to 
the study of eclipsing binaries of disparate stars (hot and cold components), and we expect a fairly unbiased 
catalog of post common-envelope binaries.

Approximately 20% of 
the ULTRA pointings 
will have attenuation 
larger than 2 mag

~38.5º

ULTRASAT is a UV time domain explorer with an unprecedented combination of sensitivity, extremely 
wide �eld of view, and continuous sky coverage. ULTRASAT provides:
• Continuous coverage in the anti-sun direction from a sun-synchronous orbit.
• Early warning for other space and ground based observatories of new supernova, detecting afterglows 
of Gamma Ray Bursts and related relativistic explosions.

1. Background, Goals, Objectives
Background and Improvement over the 
State of the Art
Why UV? LSST is expected to be the most sensitive 
ground-based optical transient facility, combining a 
large aperture (high sensitivity) and very large format 
camera. The LSST cadence (repeat every 3rd night) 
would not allow science similar to ULTRASAT’s, as 
early emission will be missed in most cases. Even if 
LSST would adopt an optimal observing strategy to 
mimic ULTRASAT’s goals, at the expense of all LSST 
science goals, it can achieve similar detection rates 
of young SNe. However, working in visible light LSST 
would not have access to early peak of UV shock-
cooling emission from SNe (while visible emission 
peaking later is compromised by radioactivity) as 
well as lose the early warning capability of ULTRASAT. 
Thus, even a hypothetical dedicated LSST cannot 
carry out ULTRASAT’s mission from the ground. 

Improvement over other UV Missions: the only UV 
mission with any potential for wide-field surveys is 
GALEX[4], a dedicated space observatory equipped 
with a near-UV imager with approximately 1.2 deg2 

field of view. As we explain below[18], ULTRASAT 
is expected to discover >100 SNe per year within 
<24 hours of explosion using a 484 deg2 field. A re-
dedicated GALEX will therefore find only ~1 event 
per year, and cannot carry out the main ULTRASAT 
science – the early detection of numerous UV 
transients. 

Objective-1: How Do Massive Stars Die - Key 
Open Questions
The phenomenon of massive star death, a complex 
open question in astrophysics (Decadal Survey - New 
Worlds New Horizons, 2010, Table A.1) can be broken 
into three sub-questions 

1. How do massive star pre-explosion physical 
parameters determine its explosive fate? 
The data from ULTRASAT alone will measure the radius 
of the progenitor and thus directly relate supernovae 
type to a fundamental parameter of the pre-explosion 
(progenitor) The early warning given by ULTRASAT 
detection followed by ground based observations 
would lead to deciphering the surface composition 
and the mass-loss history of the progenitor.

2. How do massive stars evolve toward their 
explosive death? What physical processes 
dominate the final few years, and what are their 
impact on the pre-explosion star? 
Current computer models cannot calculate the final 
stages of stellar evolution. ULTRASAT will provide, 
for a subset of events, measurements of the pre-
explosion mass-loss, which reflect the final stages of 
pre-explosion evolution.

3. What are the physical processes that govern 
the final explosion: core-collapse, outward 
shock propagation, and formation of the 
compact remnant? 
For a subset of SNe Ib/c, ULTRASAT will measure the 
mixing of radioactive materials into the SN ejecta, 
thus probing explosion models and tracing the 
outward shock propagation. With its Programmatic 
Beneficiaries (IceCube), ULTRASAT also has the 
potential to probe the question directly in case of 
high-energy neutrino detections (a direct probe of, 
e.g., internal jets[11]; or constrain the same physics in 
case of non-detections.

1.3 Objective-2: Tidal Disruption Events 
TDEs of stars by SMBH are extremely interesting as they 
are probing the properties of SMBHs in the centers 
of inactive galaxies as well as the stellar population 
and dynamics in the vicinity of these black holes. The 
transient TDE event, PS1-10jh, recently discovered by 
a several monthlong joint PanSTARSS-1 and GALEX 
study is the best-studied example (Foldout 1, B). 
The per-galaxy rate of TDEs is a strong function (and 
therefore an excellent probe) of the inner structure of 
galaxies. Triaxial galactic nuclei will lead to enhanced 
rates (by 1-2 orders of magnitude [19]) compared to 
standard spherical models[20]. As explained below, 
ULTRASAT is expected to detect >100 bright TDEs 
per year and the UV data will distinguish these from 
SN contaminants (Figure B). The detailed multi-band 
light curves and spectral coverage from the ground 
will revolutionize our understanding of TDE physics. 
Furthermore, each detection will place an upper 
limit on the SMBH mass, and test various correlations 
between SMBH mass and host galaxy properties 
(e.g., M-σ relation[16]). The strong UV luminosity of 
these events enable this objective to be addressed at 
no additional cost or constraint to the mission.
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1.4. Objective-3: Gamma Ray Burst 
Afterglows 
Gamma-Ray Bursts are commonly assumed to result 
from relativistic jets with narrow (a few degrees) 
opening angles. There is little ab initio explanation 
for the narrowness of the jets. A testable prediction 
of the narrow jet model is that the radiation beaming 
angle should become wider with time as the jet 
slows down. Thus, low-energy afterglow emission, 
recorded hours or days after the burst, should be 
seen by observers outside of the initial cone of the 
gamma-ray beam. The hypothesized event of an 
afterglow seen without a high energy (gamma-ray) 
emission has been termed “orphan afterglow”. The 
orphan events are 100 time more abundant per unit 
volume[24,23] but are much dimmer than the GRB 
afterglows and have eluded detection so far. In flux 
limited surveys we expect a ~1:1 ratio of orphan to 
normal GRBs[14]. Detection of even a single orphan 
afterglow will provide a valuable direct confirmation 
of the GRB jet model. The dark UV sky and the wide 
field of view of ULTRASAT make this mission well 
suited to this quest (Figure C). 

2. Investigation Requirements 
and Baseline Investigation – 
Experimental Design
2.1. Objective-1: Massive Star Deaths
UV band and Cadence 
Following the supernova explosion a (shock) blast 
wave propagates outward from the interior of the 
star. The photons created in the hot post-shock 
region can finally escape the star once the blast wave 
is close to the surface of the star. The initial spike of 
radiation is the “shock breakout” which is immediately 
followed by strong cooling radiation from the heated 
stellar debris (Figure A.2). For type II SNe (whose 
progenitors are supergiants) the optimum band to 
detect this radiation is the UV. With ULTRASAT, we 
can readily detect the shock breakout spike from > 
10 of the largest stars and those with an extended 
circumstellar medium per year [7,23].

It is well-known that shock-breakout emission is a 
direct measure of the radius of the progenitor[6]. 
Moreover, over the past few years it has been realized 
that the cooling radiation is also an excellent probe 

of the radius of the progenitor, the composition of 
the envelope, and the ratio of the explosion energy 
to the ejecta mass[7,8]. This UV emission lasts for a 
few hours for compact stars ([24]; the progenitors 
presumed for type Ib/Ic supernovae) to a few days 
for large supergiants [7]. These considerations 
require that ULTRASAT operates in the UV and that 
the basic time interval for observations does not 
exceed an hour  

Early UV emission from the shock cooling phase 
(Figure A.1) can be used to determine the radius 
of an exploding massive star; this topic has 
been thoroughly discussed in numerous recent 
papers[8,7,24]. Theoretical models for the basic 
configurations are well-matched to observations 
(Figure A.1-1). It’s reasonable to expect additional 
complications such as aspherical stellar structures, 
aspherical explosions and binarity modulated non-
standard density profiles. The richness of ULTRASAT 
data sets (and ground follow up) as well as the 
large number of studied explosions, will enable 
simultaneously testing and further refinement of 
the theory, and extraction of the relevant physical 
parameters even in more complex cases. 

The following describes a heuristic sketch of the 
derivation. The bolometric luminosity of the early UV 
emission is almost constant, while the temperature 
of the cooling, expanding gas declines. At any given 
band, the measured flux will rise as the peak of the 
emitted spectrum cools and approaches the band 
center, the flux peaks when the spectral peak is in 
band, then declines as further cooling drives the 
emission peak to redder wavelengths (Figure A.2). 
The rate of cooling (and thus the time it takes for 
the flux to peak in a given band) depends on the 
stellar radius (Figure A.1) and the composition of the 
envelope which determines the opacity (Figure A.1-
2).

For supergiant explosions with thick hydrogen 
envelopes, the opacity is known (Thomson 
scattering) and time independent, so the radius is 
straightforwardly inferred. For compact W-R stars the 
opacity is a function of the surface composition (mass 
fraction of He, C and O). Rabinax & Waxman[8] show 
that given a well-sampled light curve, one can infer 
both the stellar radius and the surface composition 
(Figure A.1-2). The full route from UV light curves to 
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physical stellar parameters has been demonstrated 
for the three SN events with useful data in [27 Type 
II] and [8Types Ib and II]. The early UV emission lasts 
a few hours for compact W-R stars [24], so in order 
to temporally resolve the light curve our sampling 
cadence needs to be more frequent than once every 
hour (Figure A.2). We must observe in the UV since by 
the time the shock cools enough for the visible light 
to become detectable other sources of emission (for 
example, radioactivity) also rise and thus complicate 
the inference. Thus early UV observations are critical 
and especially so for compact stars (Figure A.2). 

Field of View and Sensitivity
ULTRASAT field of view and sensitivity were chosen 
based on the sample size that is required to achieve 
its science goals (given the required cadence). We 
use statistics from the Palomar Transient Factory (PTF; 
at 500 events this is the largest suitable core-collapse 
SN sample available) to estimate the expected 
fraction of each SN class out of the total ULTRASAT 
sample. The PTF survey depth for core-collapse 
SNe is similar to that of ULTRASAT. As can be seen 
from Table 2.1- 1, for rare (but important) classes of 
SNe such as Type IIb and Type Ic-BL (the sub-class 
associated with GRBs), the expected fractions are 
small (4-5%). To achieve reliable results we set the 
design goal of ULTRASAT at 100 events per year so 
that for these rare event classes we have expected 
rates of 4-5 SNe per year, which in turn guarantees a 
95% confidence level (based on Poisson statistics) we 
will have one or more events per year. 

The requirement of having a sensitivity of 20 6 

mag (AB), flux sensitivity of 0 0058 photons/ cm2/
sec, is derivative of the required sample size  This 
required sensitivity was calculated using a detailed 
simulation based on theoretical UV light curves [7,8] 

which are calibrated using actual SN observations 
[26,25,27]. An independent empirical (flux-limited) 
estimate is based on a pilot experiment using 
GALEX. During the months of May-July 2012 the 
GALEX and PTF team monitored (in a scanning 
mode) 600 deg2 every three days with the GALEX 
spacecraft (see[18] for details). The limiting magnitude 
achieved by GALEX was m=20.6 mag AB (integration 
time of 80 s). The same area was covered from the 
ground by the PTF survey in visible light. Six events 
were detected by GALEX (Figure A.3). From this 
experiment we derived an extremely conservative 
lower limit on the number of SNe expected to be 
detected by ULTRASAT. Multiplying the number of 
GALEX-detected events by the ratio of survey areas 
(800/600; here 800 deg2 is the sky coverage), and 
correcting for the 2-month survey duration (1/6 
year) and the shallower depth (by 0.4 mag, ratio of 
1.445 in flux), the minimum expected ULTRASAT 
SN number per year is 92: 6×(800/600)×6×1.4453/2. 

Based on actual UV-detected objects, this does not 
depend on dust extinction corrections. The estimate 
is conservative since it is derived from a survey with 
3-day cadence, missing a fraction of short-duration 
events (<1 day) which ULTRASAT will easily detect 
(Figure A.2). It is also conservative in assuming the 
GALEX/PTF experiment was 100% complete. Even 
under these conservative assumptions the GALEX 
pilot experiment confirms that a system with the 
ULTRASAT parameters (telescope FOV > 400 deg2 

Table 2.1-1 GALEX Small-Scale Pilot Test Results

SN 
Type

PTF 
number

Fraction 
of total 

Expected # per 
100 events (1 year 
ULTRASAT mission)

Minimum number 
of events at 99% 

confidence 

Expected 
# in GALEX 

experiment (10 
objects)

Actual 
number 
in GALEX 

experiment
II-P 198 41% 41 27 4 5
II-L 70 14% 14 6 1 1
IIb 24 5% 5 2 1 1
IIn 91 19% 19 10 2 2

Ib 34 7% 7 3 1 1
Ic 49 10% 10 4 1 0
Ic-BL 18 4% 4 1 0 0
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with sky coverage > 800 deg2, sensitivity of 20 6 
mag AB) will be able to achieve the science goals  

The sensitivity requirements dictate other instrument 
parameter requirements which are calculated using 
a signal-to-noise calculator (SNC). Among important 
instrument requirements are the Optics Point 
Spread Function > 60% enclosed energy/pixel and 
CCD operating temperature < -80ºC 

Rapid Alerts Requirement 
Multi-wavelength ground follow-up observations 
are also important for the derivation of additional 
properties such as dust extinction, explosion physics 
and circumstellar matter including recent mass-loss 
history (probe of final stellar evolution stages and 
possibly key to explosion mechanism). Therefore, a 
prompt alert system for space and ground follow-up 
observations is required. Rapid Target of Opportunity 
(ToO) optical/IR spectroscopy of ULTRASAT-detected 
SNe will be obtained within the first hours after 
explosion, using the dedicated SEDM instrument 
(a high-throughput low spectral resolution 
spectrograph) on the Palomar 60-inch telescope, as 
well as a global network of collaborators operating 
robotic instrumentation on both hemispheres. This 
will constrain the pre-explosion radius and nickel 
mixing simultaneously, probing  the explosion 
mechanism [24]. Early photometry and temperature 
data constrain the pre-explosion density profile [28]. 
Early radio, mm and X-ray observations of massive 
star explosions constrain recent mass loss from these 
stars during the years prior to explosion (e.g. [29,30]). 
Moreover, a coincident detection of a neutrino and 
an electro-magnetic transient is crucial for enhancing 
the sensitivity for neutrino detection (by reducing 
the background). ULTRASAT precise timing will thus 
improve the sensitivity of IceCube for hundreds 
of SNe over the mission lifetime, and improve the 
chances for high-energy neutrino detection, which 
will address the open question of the origin of 
ultra-high energy cosmic-rays (UHECRs), of energy 
exceeding 10EeV.

2.2. Objective-2: Tidal Disruption Events 
Based on GALEX observations[31], ULTRASAT is 
expected to detect >10 examples similar to PS1-

10jh (the best TDE candidate known) per year (at 
90% confidence[10]). Theoretically, ULTRASAT will 
be sensitive to fluxes predicted by models for 
emission during the super-Eddington accretion 
driven wind[32] and by models for the accretion disk 
emission[32,33] out to 2Gpc and 0.5Gpc respectively. 
Using conservative estimates for the TDE rate[34], 
this implies >100/yr (vs 5/ yr) detections of the wind 
(accretion) phases. ULTRASAT is therefore guaranteed 
to find a statistically significant TDE data set. A major 
concern with ground-based optical surveys is the 
possible contamination of TDE samples with other 
astrophysical sources, e.g., nuclear SN explosions 
and Active Galactic Nucleus (AGN) variability. 
The ULTRASAT UV light curves will provide strong 
rejection of SNe (typically fainter and whose UV 
emission decays rapidly, compared to months-ling 
TDEs; Figure D), while the multi-year ULTRASAT 
variability data record (combined with ground-based 
legacy from, e.g., PTF) will enable rejection of AGN 
flares via the AGN continuous variability (even in 
non-flaring periods [35]).

2.3. Objective-3: Gamma Ray Burst 
Afterglows (GRBAs)
 GRBs occur at a rate of ~1000 bursts per year. With 
ULTRASAT covering 1.2% of the sky at any given time 
we thus expect 10 bursts per year to occur within 
the ULTRASAT field of view (regardless of an external 
high-energy trigger). Accounting for the fraction 
that is expected to be detected in the UV[36] and 
typical afterglow duration with respect to ULTRASAT 
cadence we expect to detect one off-axis GRB per 
month. Standard models (jet opening angles of few 
degrees) predict that for every GRB we should observe 
approximately one orphan GRB [14]. Such events will 
be identified by their distinct UV light curves (orphan 
GRBs are unlike contaminants like SNe or TDEs; Figure 
D) and can be verified using spectroscopy (providing 
redshift and luminosity). Since gamma-ray detectors 
(Fermi/GBM and Swift/BAT) cover ~50% of the sky 
at any given time, we expect to have a “prime” sub-
sample of about five orphan GRBs per year with clear 
UV signals (including precise timing) and no high 
energy emission. 
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Mission
The instrument and the mission design are ideally suited to achieving the primary objective of ULTRASAT 
- to measure the early UV emission from ~100 supernovae (SNe) per year, detect and study TDEs and 
GRB afterglows, and to revolutionizing our understanding of the UV transient universe  The 484 deg2 
field of view (FOV) and 5σ limiting magnitude of 21 (AB) with nearly continuous communication of the 
ULTRASAT data to the ground, and real-time processing, will enable the astronomy community to be 
alerted to new transients typically within 1 hour from image capture, and will provide light curves for 
sources sampled on time scales as short as 110 s for periods of up to about 5 weeks  

ULTRASAT employs an array of wide-field UV imaging telescopes in a sun-synchronous orbit for a three-
year baseline mission. Four identical telescopes are arranged so that after a 45˚ rotation the new fields are 
interleaved with some overlap, and when rotated by another 45˚ the original field is revisited (Figure F). The 
FOV is shifted and kept centered near the anti-sun direction. The total sky coverage is 881 deg2  with the 87 
deg2 overlap observed at every rotation. 

Images are acquired continuously and transmitted to the ground station via the Inmarsat constellation. On the 
ground, data is processed and transients identified within 10 minutes of arrival. Alerts following a detection of 
a transient signal enable rapid follow up by ground and space-based telescopes.

ULTRASAT is a collaborative effort between Israel and the US to undertake forefront science at modest cost. 
The US contributions are the UV cameras, communication system, and the data center. Israel will contribute 
the spacecraft, telescopes, integration of payload with spacecraft and test, launch, and operation. ULTRASAT 
is proposed to be a secondary payload on a US launch.
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