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Non-EM	Messengers

• Gravitational	Waves
• High	frequency	(>1	Hz)
• Low	frequency	(<1	Hz)

• Neutrinos
• Very	High	energy
• Nuclear	energy	(~MeV)
• Low	energy

• Cosmic	Rays
• Nucleons
• Electrons

• Exotic	Particles
• WIMPs
• Magnetic	monopoles



Non-EM	Observatories
Facilities When Localization

High freq GW LIGO,	Virgo,	Kagra Now � ~10 deg

Low	freq.	GW LISA, Decigo >2030 �?

HE	neutrino IceCube,	ANTARES Now � ~deg

Nucl. neutrino SuperKamiokande Now � ~10	deg

LE neutrino ? ? ?�

CR	Nucleon Auger, TA Now � ~10	deg

CR	Electron CALET,	Fermi Now � ~10 deg

WIMP Xenon100, XMASS,	
etc.

? �

Monopole ? ? �



Non-EM	Sources
Galactic Local Universe Cosmological

High freq GW Supernova Compact	Merger

Low	freq.	GW Binary	stars BH binary BH binary

HE	neutrino BH/NS	with	jets? SMBH	with	jets? GRB?

Nucl. neutrino Supernova

LE neutrino ? ? ?

CR	Nucleon Supernova remnant,	
BH/NS	with	jets?

Now

CR	Electron Supernova Remnant,	
pulsars,	BH/NS	jets?

Now

WIMP ? ? primordial

Monopole ? ? primordial



non-EM	astrophysical	sources

• Local	(<10’s	of	Mpc)	or	
Galactic

• Rare	and	unpredictable

• Poor	or	moderate	
localization

• High-energy	

• in	low-z	galaxy,	
maybe	absorbed	if	
Galatic

• long+high duty-cycle
+	large	sky	coverage

• Wide-field	required	for	
follow-up

• UV/X-/gamma-ray,
all	EM	(non-thermal)



EM	search	consideration	#1

• Local	(<10’s	of	Mpc)	or	
Galactic

èin	low-z	galaxy,	
maybe	absorbed

• Small	aperture	may	be	okay
• e.g.	ASAS-SN

• Sensitive	search	(e.g.	
Subaru	HSC)	must	be	clever

• spectroscopic	follow-up	
difficult	for	too	many	faint	
transient	sources	

• Huge	data
• need	association	with	rare	
events

• X-ray	or	radio	source,
• timing	coincidence

• Radio,	IR,	X-/gamma-ray	
useful	for	Galactic



EM	search	consideration	#2
• Rare	and	unpredictable	

èlong+high duty-cycle
+	large	sky	coverage

• ground-based	or
satellite	with	long	(>years)	
mission	life

• Tiling	has	limitations
• Facilities	with	large	sky	
coverage

• LF	radio:	LOFAR	etc
• HF	radio:
• IR:
• Optical:	ASAS-SN,	Evry,	Pi	of	
Sky,	...

• UV:
• Soft	X-ray:
• Hard	X-ray:	Swift	BAT
• LE	gamma-ray:	Fermi	GBM
• HE	gamma-ray:	Fermi	LAT
• VHE gamma-ray:



EM	search	consideration	#3
• Poor	or	moderate	
localization

èWide-field	required	for	
follow-up

• Facilities
• exsist?	available?

• wavelength	coverage

• Sensitivity	vs.	field	size
• target	to	galaxies?

• latency
• Human	in	the	loop
• Tiling

• Identification
• Time	variability	– need	
repeated	observation

• Spectroscopy
• Sensitivity
• too	many?



EM	search	consideration	#4
• High-energy	

èUV/X-/gamma-ray,
all	EM	(non-thermal)

• Facilities	with	large	sky	
coverage

• LF	radio:	LOFAR	etc
• HF	radio:
• IR:
• Optical:	ASAS-SN,	Evry,	Pi	
of	Sky,	...

• UV:
• Soft	X-ray:
• Hard	X-ray:	Swift	BAT
• LE	gamma-ray:	Fermi	GBM
• HE	gamma-ray:	Fermi	LAT
• VHE	gamma-ray:



Soft	X-ray	mission
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Possible detection of gamma-ray 
emission by Fermi GBM

et al. 1995; Burlon et al. 2009; Troja et al. 2010), and may
originate from a less collimated emission region that is
observable even when the GRB jet is not along the line of
sight to the detector.

An all-sky search of the GBM data revealed two candidates
below a threshold of 10−4 Hz chance probability. One transient,
occurring at 09:50:56.8 (11 s after GW150914), was visible
only below 50 keV, favored the soft model spectrum, and
lasted 2 s. Using the standard GBM localization procedure, we
found a source position of R.A., decl. = 267°.7, −22°.4 with a
68% statistical uncertainty region of radius 15° and a
systematic error of around 3°, as described in Connaughton
et al. (2015). At a position in Galactic coordinates of l, b = 6°.2,
2°.4, the event is compatible with an origin near the galactic
center, well separated from and incompatible with the LIGO
localization region. It is typical of the type of soft X-ray
transient activity seen regularly in the GBM background data,
particularly from the galactic center region. We do not view
this transient event as being possibly related to GW150914 and
we will not discuss it further.

The search also identified a hard transient which began at
09:50:45.8, about 0.4 s after the reported LIGO burst trigger
time of 09:50:45.4, and lasted for about 1 s. The temporal offset
of 0.4 s is much longer than the light travel time of 2−45 ms
between Fermi and the LIGO detectors. The detector counts
best matched those predicted from a hard model spectrum. We
reported this event in Blackburn et al. (2015b); henceforth, we
call it GW150914-GBM. Figure 2 shows the model-dependent
light curve of GW150914-GBM, where the detector data have
been summed using weights that maximize the signal to noise

for a given source model, and the unknown source model itself
is weighted according to its likelihood in the data.

2.2. The Rate of Detection of Short Hard Transients
in the GBM Data

The association of a likelihood value with a FAR is based on
an analysis of two months of GBM data from 2009–2010
(Blackburn et al. 2015a). The FAR for GW150914-GBM,
10−4 Hz, is very close to the reporting threshold for the search.
The likelihood value for GW150914-GBM is much lower than
those obtained for two weak short GRBs detected by Swift that
did not cause an on board GBM trigger but were found in a
targeted search, and much higher than three weak short GRBs
that were undistinguishable above the background in the GBM
data using our targeted search (Blackburn et al. 2015a).
Because the likelihood value was so close to our reporting
threshold, we considered the possibility that the background
count rates might be higher in 2015 than when the search
criteria and FAR were evaluated, implying a higher FAR than
10−4 Hz for GW150914-GBM. We used our targeted search to
examine 240 ks of GBM data from 2015 September with
218822.1 s of GBM livetime, excluding passages of Fermi
through or close to the SAA where the detectors are turned off
or count rate increases overwhelm any attempt to fit a
reasonable background model. We find 27 events above our
threshold, for a FAR of ´ -1.2 10 4 Hz, in agreement with the
previously estimated value. The distribution of events found in
the 240 ks interval is shown in Figure 3. This gives a 90%
upper limit on the expected background of hard transients of 35
in this much livetime, or ´ -1.60 10 4 Hz.
We determine the significance of a GBM counterpart

candidate by considering both its frequency of occurrence
and its proximity to the GW trigger time. Our method,
described in Blackburn (2015) and attached as Appendix B to
this work, allows us to account for all of the search windows in

Figure 2. Model-dependent count rates detected as a function of time relative
to the start of GW150914-GBM, ∼0.4 s after the GW event. The raw count
rates are weighted and summed to maximize the signal to noise for a modeled
source. CTIME time bins are 0.256 s wide. The green data points are used in
the background fit. The gold points are the counts in the time period that shows
significant emission, the gray points are outside this time period, and the blue
point shows the 1.024 s average over the gold points. For a single spectrum and
sky location, detector counts for each energy channel are weighted according to
the modeled rate and inverse noise variance due to background. The weighted
counts from all NaI and BGO detectors are then summed to obtain a signal-to-
noise optimized light curve for that model. Each model is also assigned a
likelihood by the targeted search based on the foreground counts (in the region
of time spanned by the gold points), and this is used to marginalize the light
curve over the unknown source location and spectrum.

Figure 3. Distribution of transients identified by the targeted search pipeline in
±120 ks of GBM data surrounding GW150914. The events are between 0.256
and 8.192 s in duration and sorted by best-fit spectral type. The dotted blue line
marks the likelihood ratio assigned to nearby candidate GW150914-GBM,
while the long-tail in the blue curve (hard spectrum) represents the single on
board triggered GRB in the data sample. The green and gold curves show the
candidates that favor the other template spectra used in the search.
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equal count rates are expected in most of the NaI detectors if
the event is bright enough.

We find that the localization of GW150914-GBM is
consistent with part of the LIGO localization annulus. If the
transient event uncovered in the GBM data is associated with
GW150914, then the GBM probability map can be combined
with the LIGO annulus to shrink the 90% confidence level
LIGO localization by 2/3, as shown in Figure 4.

3.2. Energy Spectrum of GW150914-GBM

The data for GW150914-GBM imply a weak but significant
hard X-ray source with a spectrum that extends into the MeV
range and a location that is consistent with an arrival direction
along the southern lobe of the sky map for GW150914.
Converting the observed counts in the GBM detectors to a
source flux requires a deconvolution of the instrumental
response with an assumed spectral model. We sample a range
of arrival directions along the observed LIGO location arc,
using the data and associated responses for the detectors at each
location that are most favorably oriented to the arrival
direction. Table 2 suggests that NaI 5 and BGO 0 are the most
suitable detector set for all of the locations along the arc. We
use the rmfit spectral fitting package28, which takes a forward
folding approach to determine the parameters that best fit the

data for any model, given the instrumental response. The
minimization routine producing the best-fit parameters uses a
likelihood-based fitting statistic, CSTAT.
Because the event is very weak, we do not attempt to fit the

full-resolution data (128 energy channels). Instead, we bin the

Figure 4. The LIGO localization map (top left) can be combined with the GBM localization map for GW150914-GBM (top right) assuming GW150914-GBM is
associated with GW150914. The combined map is shown (bottom left) with the sky region that is occulted to Fermi removed in the bottom right plot. The constraint
from Fermi shrinks the 90% confidence region for the LIGO localization from 601 to 199 square degrees.

Figure 5. Power-law fit to the data from 0.384 to 1.408 s relative to the time of
GW150914, from NaI 5 (blue) and BGO 0 (red), corresponding to the high
time bin in Figure 7. The symbols show the data. The solid line shows the best-
fit power-law model. Residuals on the bottom panel show scatter but no
systematic deviation. We cannot use the first and last energy channels in either
detector data type (there are threshold effects and electronic overflow events),
leaving the data from 12 energy channels included in the fit.

28 http://fermi.gsfc.nasa.gov/ssc/data/analysis/rmfit/
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CTTE data into the eight native CTIME energy bins, and use the
CTIME energy responses in our fits. In principle, binning in
energy is unnecessary because a likelihood-based statistic
correctly accounts for low count rates in individual energy
channels. In practice, the implementation of CSTAT in our
spectral fitting software neglects background fluctuations as a
separate contribution to the uncertainty in the total count rates in
the GBM data, an effect that is mitigated by rebinning the data
prior to fitting. A consequence of this limitation of CSTAT is
that the uncertainties on the parameters returned by the fits are
almost certainly underestimated. In the analysis that follows, we
report 68% statistical uncertainties, with the caveat that the true
uncertainties are probably higher. GRB spectra are well
represented by empirical functions with power-law components
around a peak energy in the spectral energy distribution, Epeak.
The Band function is used when there are enough counts to
constrain all parameters, particularly the high-energy power-law
index, β. If β is not constrained, a power-law fit with an
exponential cut-off above Epeak, called the Comptonized model,
generally works well. For the weakest bursts, or when Epeak lies
outside the energy range of the instrument, a power-law fit is
adequate and serves to provide an estimate of the flux and
fluence of the burst as long as the energy range over which the
flux and fluence are calculated is not extended outside the
observation range. We find that for all 11 positions along the
LIGO arc, a power-law fit to the data from GW150914-GBM
can be constrained. For one of the positions, we can also provide
weak constraints for a fit to the Comptonized model. Figure 5
shows a representative count spectrum and power-law model fit
to the data from 0.384 to 1.408 s relative to the time of
GW150914, with a deconvolution assuming the source lies near
the central position of the southern arc. For each of the 11
positions along the arc, we find the best-fit power-law index and
associated amplitude. We use these parameters to simulate each
spectrum 104 times, using the resulting distribution to estimate
the uncertainties on the parameter values (68% confidence level).
We also sample the parameter distributions to calculate the
fluence and its confidence region, weighting the sampling along
the arc according to the LIGO localization probability contained
near each point on the arc. We obtain a best-fit power-law index
- -

+1.40 0.24
0.18 and amplitude -

+0.002 0.001
0.002 photons s−1 cm−2 keV−1

over the LIGO localization arc, yielding a fluence between 10
and 1000 keV of ´-

+ -2.4 101.0
1.7 7 erg cm−2.

For a deconvolution assuming a source position at the
northeastern tip of the southern lobe (entry 10 in Table 2), the
Comptonized model converges to find a best-fit Epeak of -

+3.5 1.1
2.3

MeV with a power-law index below Epeak of - -
+0.16 0.50

0.57,
although this fit is not statistically preferred over the power-law
fit. When simulating iterations of the burst to obtain 68%
confidence level uncertainties on the parameters, the fit failed
about 50% of the time. The fluence between 10 and 1000 keV
obtained assuming a Comptonized model for a source from this
position is ´-

+ -2.8 100.9
1.0 7 erg cm−2.

The fit parameter values are typical for short GRBs, with
power-law indices of about −1.4 found in cases where the
GRB is too weak to constrain Epeak, and values for the
Comptonized fit parameters that are not unusual for short
GRBs (Gruber et al. 2014). A fluence of ´ -2.4 10 7 erg cm−2

is nearly average for short GRBs, with 40% of short GRBs
detected by GBM weaker than this value.29 The least energetic

short GRBs detected by GBM have a fluence an order of
magnitude smaller than GW150914-GBM, implying that if
GW150914-GBM is a short GRB, then with a more favorable
arrival direction, it would have caused an on board trigger. If
GW150914-GBM is part of the short GRB population, then its
fluence is not atypical but its unfortunate arrival direction
yields only a weak signal in GBM. Figure 5 shows that the
model is a reasonable fit to the count spectrum even at low
energies, implying no paucity of counts at low energies in NaI
5, which is the only detector with a small enough viewing angle
to the source position to have any sensitivity below 50 keV.
At a distance of -

+410 180
160 Mpc implied by the GW

observations (Abbott et al. 2016b), we obtain a source
luminosity of ´-

+1.8 101.0
1.5 49 erg s−1 in the 1 keV–10MeV

energy range that is standard for reporting such bolometric
luminosities. The uncertainties reflect the range of possible
distances to the progenitor, uncertainties in the spectral fit
parameters (using the power-law fits), and the range of arrival
directions along the arc. This luminosity is an order of
magnitude dimmer than the peak luminosities of the dimmest
short GRBs in the sample analyzed by Wanderman &
Piran (2015).

3.3. Other Observations of GW150914-GBM

Instruments other than GBM can also detect impulsive
events in the hard X-ray energy range. No pointed instruments
reported observations of GW150914, suggesting that they were
not looking in that direction at the time of the GW event.
Upper limits to the emission from GW150914 from the non-

detection by instruments on board the Astrorivelatore Gamma a
Immagini Leggero (AGILE) close in time to the GW event are
reported by Tavani et al. (2016). The MicroCalorimeter had
non-optimal exposure to the GW event, from which upper
limits to GW150914-GBM are calculated that are compatible
with the GBM fluence. The other instruments on board AGILE
observed most of the LIGO annulus hundreds of seconds on
either side of the GW event, but not at the time of the event.
The anti-coincidence shield (ACS) of the Spectrometer on

board INTEGRAL (SPI) has a large collection area above
80 keV with an all-sky response that is not hindered by Earth
occultation (von Kienlin et al. 2003). We looked for a signal in
SPI-ACS at the time of GW150914-GBM and found no excess
above background.30 The SPI-ACS team reported a fluence
limit of ´ -1.3 10 7 erg cm−2 in the 100 keV–100MeV energy
range based on a null detection over a 1 s period (Ferrigno
et al. 2015). Further analysis of the SPI-ACS data is reported in
Savchenko et al. (2016). They estimate a source signal between
5 and 15σ above background should have been seen in the SPI-
ACS data if the source were represented by the Comptonized
spectrum found in a fit to the GBM data assuming one position
on the LIGO arc but applied to source positions along the
LIGO arc. We note that this spectrum was fit to the GBM data
(but not statistically favored) only for a source position that is
excluded by the GBM localization and is thus not reliable. A
power law in energy with an index of about −1.4 was the only
fit we could constrain for a source at any position on the LIGO
arc. Because power-law fits without a break are generally not
physical representations of a source spectrum, a fluence
calculation for the expected response in a detector with a
different energy-dependent response than the instrument in

29 http://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermigbrst.html 30 http://isdc.unige.ch/~savchenk/spiacs-online/spiacs-ipnlc.pl
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CTTE data into the eight native CTIME energy bins, and use the
CTIME energy responses in our fits. In principle, binning in
energy is unnecessary because a likelihood-based statistic
correctly accounts for low count rates in individual energy
channels. In practice, the implementation of CSTAT in our
spectral fitting software neglects background fluctuations as a
separate contribution to the uncertainty in the total count rates in
the GBM data, an effect that is mitigated by rebinning the data
prior to fitting. A consequence of this limitation of CSTAT is
that the uncertainties on the parameters returned by the fits are
almost certainly underestimated. In the analysis that follows, we
report 68% statistical uncertainties, with the caveat that the true
uncertainties are probably higher. GRB spectra are well
represented by empirical functions with power-law components
around a peak energy in the spectral energy distribution, Epeak.
The Band function is used when there are enough counts to
constrain all parameters, particularly the high-energy power-law
index, β. If β is not constrained, a power-law fit with an
exponential cut-off above Epeak, called the Comptonized model,
generally works well. For the weakest bursts, or when Epeak lies
outside the energy range of the instrument, a power-law fit is
adequate and serves to provide an estimate of the flux and
fluence of the burst as long as the energy range over which the
flux and fluence are calculated is not extended outside the
observation range. We find that for all 11 positions along the
LIGO arc, a power-law fit to the data from GW150914-GBM
can be constrained. For one of the positions, we can also provide
weak constraints for a fit to the Comptonized model. Figure 5
shows a representative count spectrum and power-law model fit
to the data from 0.384 to 1.408 s relative to the time of
GW150914, with a deconvolution assuming the source lies near
the central position of the southern arc. For each of the 11
positions along the arc, we find the best-fit power-law index and
associated amplitude. We use these parameters to simulate each
spectrum 104 times, using the resulting distribution to estimate
the uncertainties on the parameter values (68% confidence level).
We also sample the parameter distributions to calculate the
fluence and its confidence region, weighting the sampling along
the arc according to the LIGO localization probability contained
near each point on the arc. We obtain a best-fit power-law index
- -

+1.40 0.24
0.18 and amplitude -

+0.002 0.001
0.002 photons s−1 cm−2 keV−1

over the LIGO localization arc, yielding a fluence between 10
and 1000 keV of ´-

+ -2.4 101.0
1.7 7 erg cm−2.

For a deconvolution assuming a source position at the
northeastern tip of the southern lobe (entry 10 in Table 2), the
Comptonized model converges to find a best-fit Epeak of -

+3.5 1.1
2.3

MeV with a power-law index below Epeak of - -
+0.16 0.50

0.57,
although this fit is not statistically preferred over the power-law
fit. When simulating iterations of the burst to obtain 68%
confidence level uncertainties on the parameters, the fit failed
about 50% of the time. The fluence between 10 and 1000 keV
obtained assuming a Comptonized model for a source from this
position is ´-

+ -2.8 100.9
1.0 7 erg cm−2.

The fit parameter values are typical for short GRBs, with
power-law indices of about −1.4 found in cases where the
GRB is too weak to constrain Epeak, and values for the
Comptonized fit parameters that are not unusual for short
GRBs (Gruber et al. 2014). A fluence of ´ -2.4 10 7 erg cm−2

is nearly average for short GRBs, with 40% of short GRBs
detected by GBM weaker than this value.29 The least energetic

short GRBs detected by GBM have a fluence an order of
magnitude smaller than GW150914-GBM, implying that if
GW150914-GBM is a short GRB, then with a more favorable
arrival direction, it would have caused an on board trigger. If
GW150914-GBM is part of the short GRB population, then its
fluence is not atypical but its unfortunate arrival direction
yields only a weak signal in GBM. Figure 5 shows that the
model is a reasonable fit to the count spectrum even at low
energies, implying no paucity of counts at low energies in NaI
5, which is the only detector with a small enough viewing angle
to the source position to have any sensitivity below 50 keV.
At a distance of -

+410 180
160 Mpc implied by the GW

observations (Abbott et al. 2016b), we obtain a source
luminosity of ´-

+1.8 101.0
1.5 49 erg s−1 in the 1 keV–10MeV

energy range that is standard for reporting such bolometric
luminosities. The uncertainties reflect the range of possible
distances to the progenitor, uncertainties in the spectral fit
parameters (using the power-law fits), and the range of arrival
directions along the arc. This luminosity is an order of
magnitude dimmer than the peak luminosities of the dimmest
short GRBs in the sample analyzed by Wanderman &
Piran (2015).

3.3. Other Observations of GW150914-GBM

Instruments other than GBM can also detect impulsive
events in the hard X-ray energy range. No pointed instruments
reported observations of GW150914, suggesting that they were
not looking in that direction at the time of the GW event.
Upper limits to the emission from GW150914 from the non-

detection by instruments on board the Astrorivelatore Gamma a
Immagini Leggero (AGILE) close in time to the GW event are
reported by Tavani et al. (2016). The MicroCalorimeter had
non-optimal exposure to the GW event, from which upper
limits to GW150914-GBM are calculated that are compatible
with the GBM fluence. The other instruments on board AGILE
observed most of the LIGO annulus hundreds of seconds on
either side of the GW event, but not at the time of the event.
The anti-coincidence shield (ACS) of the Spectrometer on

board INTEGRAL (SPI) has a large collection area above
80 keV with an all-sky response that is not hindered by Earth
occultation (von Kienlin et al. 2003). We looked for a signal in
SPI-ACS at the time of GW150914-GBM and found no excess
above background.30 The SPI-ACS team reported a fluence
limit of ´ -1.3 10 7 erg cm−2 in the 100 keV–100MeV energy
range based on a null detection over a 1 s period (Ferrigno
et al. 2015). Further analysis of the SPI-ACS data is reported in
Savchenko et al. (2016). They estimate a source signal between
5 and 15σ above background should have been seen in the SPI-
ACS data if the source were represented by the Comptonized
spectrum found in a fit to the GBM data assuming one position
on the LIGO arc but applied to source positions along the
LIGO arc. We note that this spectrum was fit to the GBM data
(but not statistically favored) only for a source position that is
excluded by the GBM localization and is thus not reliable. A
power law in energy with an index of about −1.4 was the only
fit we could constrain for a source at any position on the LIGO
arc. Because power-law fits without a break are generally not
physical representations of a source spectrum, a fluence
calculation for the expected response in a detector with a
different energy-dependent response than the instrument in
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Short GRB 050709
The only short GRB observed in soft X-ray
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Merging	neutron	
star	binary

Supergiant	fast	
X-ray	transient

è short GRBs
associated with 
GW events

Or, priviously unknown 
soft X-ray transients



X-ray transients: L-∆t
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“Wide-Field	MAXI”	on	ISS N.	Kawai	+	WF-MAXI	Team

4 システム概要
4.1 WF-MAXIシステム構成
4.1.1 WF-MAXIの概要

WF-MAXIでの SLCおよび HXMの外観を図 14に示す。4台の SLCはそれぞれ異なる視野方向を向い
ており、4台を合わせる事で全天の 20%以上の広視野観測を実現する。また 4台の HXMも SLCの４台そ
れぞれの視野をカバーするように配置されており、広いエネルギー帯域での観測が可能となる。
またバス部として、オンボード主計算機 (DP)、電源制御ユニット (PDU)、スターセンサー (ASC)、冷凍

機駆動部 (Cooler driver)は、図 14のように配置を検討している。

ASC: Advanced (or Autonomous) Stellar Compass、星姿勢計 HXM: Hard X-ray Monitor
Cooler Driver: SLC内蔵の機械式冷凍機のドライバ PDU: Power Distribution Unit
DP: Data Processor PIU: Payload Interface Unit (I/F to JEMきぼう)
FRGF: Flight Releasable Grapple Fixture (I/F to robotic arm) SLC: Soft X-ray Large Solid Angle Camera
HCAM: HTV Cargo Attachment Mechanism

図 14: WF-MAXIの外観図。SLCとHXMがそれぞれ 4台ずつ実装されている。SLCとHXMは同じ領域
の視野をカバーし、広いエネルギー帯域での広視野観測を実現する。

4.2 ミッション部概要
4.2.1 観測装置の概要： Soft X-ray Large Solid Angle Camera (SLC)

目的 SLCの主な目的は 2章で示した様々な軟X線 (10keV以下)での短時間トランジェント現象の検出と
その位置決定である。現在活躍中の広天域モニタ Swift衛星/BAT検出器は 15keV以上であり、10keV以
下はHETE2衛星まで遡る必要がある。このエネルギーバンドはネオン、シリコン、硅素、鉄などの特性X

線が豊富にあり、短時間のトランジェント現象においても熱的放射からの輝線が期待できる (星のフレア、
MAXI J0158でのネオン輝線など)。SLCでは輝線での分光観測も目的とする。
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“Wide-Field	MAXI”	on	ISS
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MAXI JEM	EF

Direction	
of	Motion

goals • Counterparts	for	GW	sources	(adv.	LIGO/VIRGO,	KAGRA)
• First	large-sky	monitor	for	short	soft	X-ray	transients

field	of	view ≈	20%	of	the	sky	 (covers	80%	sky	in	92	min)

Instruments Soft	X-ray	Large Solid	Angle Camera	(SLC:	0.7–10 keV)
Hard	X-ray	Monitor (HXM:	20	keV–1 MeV)

sensitivity 50	mCrab	/30	s	(SLC)
pos. accuracy 0.1�
platform ISS/JEM		(Selection	in	2014,	operation	2018–)

N.	Kawai	+	WF-MAXI	Team



WF-MAXI evaluation
• Application for ISAS Small Project (Feb 2014)

à Not selected by Advisory committee for Space Science

21

 

 

って検出することを最大の目的としているが，これはエキストラサクセ
スと整理されている．第二の目的は突発天体のアラートシステムである．
その対象を特に 1CDB"�8としているので，1CDB"�8の運用期間内に稼働す
ることを．ミッションの制約条件としている（ミッション要求書）．
1CDB"�8は )
(,年度中（ノミナル )
(,年 ()月�の打ち上げで，ノミナル
ミッション期間３年である．F6�F 1G 提案書によると )
(� 年 . 月に基本
設計を開始した場合に，打ち上げは )
(/ 年 / 月である．実際の基本設計
開始はこれよりも確実に（１年以上）遅れることを考えると，この制約
条件を満たすことは全く保証されない．第３の目的は付加的なものであ
る．第４の目的については�LB"C9D1�との比較検討が必要である．�

�)� このミッションを実施するのであれば，その規模（リスク経費を含まず
に約 �
億の見積もり）から考えて，�1G1のミッションとして実施するこ
とが適切である．�

�� エキストラサクセスとされている最大の目的が達成されれば，その科学
的な価値は高い．しかし，天空をカバーする領域�)
��と稼働率�,
��を
考慮すると重力波の対応天体を発見する確率はあまり高くなく，リスク
は大きい．地上の観測網のみでフォローアップする場合との費用対効果
をよく検討すべきである．�

��� 高エネルギー宇宙物理のコミュニティは将来計画の策定作業中であり，
位置づけは不明である．一方，重力波天体は宇宙線分野の最重要な研究
対象の一つと認識されていることから，対応天体の検出確率を高めて，
宇宙線分野のミッションとして再定義することを検討するほうがよいか
もしれない．�

�,� 評価委員会は，コスト（リスク経費を含めると ,
 億と予想）に対して，
サイエンスのアウトプットは十分ではないと判断し，提案チームに対し
てコスト削減の検討を依頼した．その結果，コストを下げると，エキス
トラサクセスを達成する確率が更に小さくなることが明らかになった．�

�-� 以降�(��まで�

�(�����,�までの  4B 的視点での審査により，不ǆŔと判断したため，
�-�以下の CBB的視点については報告項目より外した．�

�

)%�%)% 総合評価�

@ エキストラサクセスとされている�>�17B1 等によって直接検出される重
力波の発生天体を、G�線突発放射によって検出する?�が達成されれば，
科学的な価値は高い．しかし，�天空をカバーする領域と稼働率を考える
と達成できる確率は高くない．突発天体アラートから要請されるミッシ
ョン制約は満たされない．�コスト（リスク経費を含めると ,
 億と予
想）に対して，サイエンスのアウトプットは十分ではないと判断する．

• Extra-success	(GW	counterpart)	has	high	science	value
• Sky	coverage	20%	x	Observing	efficieny 50%	à 10	%	coverage
• Chance	of	finding	GW	counterpart	is	low;	high	risk
• should	compare	the		chance/cost	with	that	by	ground	observation	

alone

• Future	plan	of	the	High	Energy	Astrophysics	community	is	yet	to	
be	decided,	and	the	position	of	this	project	is	unclear.

• However,	GW	has	high	priority	in	Cosmic	Ray	community.
• Therefore	it	may	be	better	to	re-define	it	as	a	Cosmic	Ray	

mission

• Selection	committee	considers	the	science	output	is	not	
sufficient	to	justify	its	total	cost	(5	bn JPY)	,	and	asked	the	
proposer	to	find	a	way	to	reduce	the	cost

• Cost	reduction	results	in	less	probability	to	achieve	the	extra-
success.



“iSEEP”	Wide-Field	MAXI
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MAXI JEM	EF

Direction	
of	Motion

goals Localization/notification of X-ray transients
GW counterparts, black hole binaries, GRBs …

field	of	view ≈	10%	of	the	sky	 (covers	80%	sky	in	92	min)

Instruments Soft	X-ray	Large Solid	Angle Camera	(SLC:	0.7–10 keV)
sensitivity 50	mCrab /100	s	(SLC)
pos. accuracy 0.1�
platform ISS/JEM		(Selection	in	2015,	operation	2019–)

Proposed Feb 2015



Impact of the Scale Down

• Sky Coverage
– Instantaneous coverage ×1/2
– Daily Coverage ×2/3

• Sensitivity
– Average effective area ×2/3

• Detection rate
– short transients ×1/4
– long transients ×1/2
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iWF-MAXI proposal evaluation
• Application for ISAS Small Project (Feb 2015)
• Recommended by Advisory committee for 
Space Science (July 2015)

• Evaluation result by ISAS (December 2015)
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• Optimization	of	the	size	and	cost	reduction	are	evaluated.
• Insufficient	system	design,	e.g.	thermal	control
• Success	criteria	for	the	primary	goal	(GW	detection)	is	not	
defined	due	to	uncertainty.		

• Mission	life	limited	by	Japanese	participation	to	ISS	(	–2020).
• Overall	evaluation:	NOT	SELECTED	“The	science	goals	of	iWF-
MAXI	will	be	mostly	achieved	by	Indian	ASTROSAT	(launched	
in	September	2015),	which	is	expected	to	perform	all-sky	
monitor	sufficiently…”



iWF-MAXI evaluation
However,
• ASTROSAT Scanning Sky Monitor

– Cannot obtain fine localization of transients 
shorter than 10 min

– Has low energy threshold > 2 keV
è Difficult to achieve iWF-MAXI’s science goals

• Japanese participation to ISS extended until 
2024

• LIGO detection of GW
è New proposal
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Einstein Probe
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Mission'profile �

! Observing$modes$

!  Survey$mode$$$

!  XMray$followMup$observa6on$
!  Target$of$opportunity$$$$$$$

! Orbit:$$
!  600km$circular,$97min$period$

!  inclina6on$<30°$
!  Fast$Alert$downlink$(to$trigger$mul6M

wavelength$followMup$worldMwide)$$

!  The$VHF$network$(in$collab.$French)$
!  Chinese$relay$satellites$
! Mass:$$380$kg$(payload$150kg)$

!  Power:$<$450w$(payload$200w)$
!  proposed$launch:$$~2020/2021$
!  Life$6me:$3(+2)$years$

credit: MicroSat  �

Yuan	2015,	Swift	10	years



Einstein Probe
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Yuan	2015,	Swift	10	years

Payload�

Wide-field X-ray telescope (WXT) 

Follow-up X-ray telescope (FXT)     

Micro-pore lobster-eye focusing optics 
Gas detectors (based line) 
Focal length: 375mm 
FoV 60°*60°  (~1.1 sr) 
FWHM ~ 4’ 
Bandpass: 0.5-4keV 
Effective area ~4cm2 @1keV 

Micro-pore K-B/Wolter-I optics 
Si (CCD) or gas detector 
Focal length: 1400mm 
FoV 1°   
Effective area ~60cm2 @1keV 
FWHM ~ 4’ 
Bandpass: 0.5-4keV  

FXT 1°x1°$ �

WXT  
60°x60°$ �

WXT�

FXT�

FoV �

WXT�



Ultraviolet	mission



Conceptual design of a micro-satellite
for Ultraviolet transient explore

Yoichi Yatsu (Tokyo Tech)
T. Ozawa, S. Harita, T. Yoshii, N. Kawai (School of Sci., Tokyo Tech), 

N. Tominaga (Konan Univ.), M. Tanaka (NAOJ), T. Morokuma (Univ. Tokyo)
S. R. Kulkarni (Caltech), T. Sakamoto (Aoyama Gakuin Univ.),

and N. Vasquez (Escuela Politécnica Nacional), 
K. Tawara, S. Matsunaga (School of Eng., Tokyo Tech),

on behalf of “Hibari” team 



Background
uRejection of WF-MAXI / iWF-MAXI

Ø ASTROSAT: a complemental detector(?) is on orbit
Ø Shrinking budget => < $2 million

uWhat can we do with <$2M?
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Original model of WF-MAXI
with full-size BUS for JEM
Cost~ $50M

miniture version
with iSEEP-BUS
Cost~ $10M

Future missions have effective area larger than several thousands cm2!!
=>	micro-satellite	is	too	small	comparing	with	these	X-ray	missions.

80% is for Tests and Documents

LOFT eROSITA HXMT Einstein Probe SVOM



Survey of the other energy band
u Wide-field/High-cadence missions in other energy bands

Ø Radio: LOFAR, MWA, SKA etc
Ø IR/Opt: many robotic telescopes
Ø X/ γ: Swift, Fermi, MAXI, CALET, AstroSAT, CTA

u Where is the frontier in EM astronomy?
Ø MeV…�(cannot use optics)
Ø Soft X…�(technically difficult)
Ø Radio… ??
Ø UV…�
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Existing energy bands are almost covered by big projects.

UV (NUV) is most hopeful because we can use: 
- optics (but with special glass for UV)
- CCD (back-illuminated CCD is required)

� � �
M
eV

SoftX
N
UV

M
Hz?

hopeless hopeless



GW follow-up in UV
uExpected source

Ø NS-NS merger � r-nuclei
Ø kilonova (macronova) 

The color, luminosity & variability are still model dependent!

uPossible scenario which favors UV emission
Ø free neutron beta-decay (Metzger et al. 2015)

32

UV from free-N will be Brighter and Faster than IR.
Therefore the UV telescope can be suit for the GW follow-up.

mostly r-nuclei
!∗ → ! + 	& + '( + )*

n	→	p	+	'( + )*
mostly free Neutrons

~ hours

~ days

free neutrons survive in 
outer shell of the Ejecta

This result in Blue, Bright 
and Fast EM emission
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Summary:	UV	emission	from	NS	mergers

Timescale Wavelengths AB	Mag	  
@	100	Mpc

AB	Mag 
@	200	Mpc

Note

Early	thermal ~	15	min UV ~26 ~27.5 Too	rapid	
cooling

Early 
non-thermal

~	1	sec UV ~>24		
@	1hr

~>25.5	
@	1hr

Depends	on		
ambient	
density

RadioacNvity	
(main	ejecta)

~10	days Opt-NIR ~21	 ~22.5 Not	UV

RadioacNvity	
(free	neutron)

~	1	hr UV ~20.5 ~22
*Uncertain*		
assuming 

M	~	10-4	Msun	

Survey	with	Hibari:	22.5	mag	-100	deg2		in	1	hr

���� ������
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Thanks	to	Yatsu-san

Survey	with	Hibari	
		22.5	mag	-	100	deg2		every	1	hr	
		=>	~	100	supernova	detecNons	/	year

Day	1

UV	brightness

...

|||||||||||

Day	2

|||||||||||

Breakout
Cooling

Wind	breakout

Time

Uniqueness	
-	UV	wavelength	
-	Con$nuous	coverage

More	interesNng	with	
-	coordinated	(op$cal)  
		surveys	from	the	ground	
-	Rapid	spectroscopy

=>	Unique	probe	of	the	last	stage	of	stellar	evoluNon

���� ������



more science goals
u Ultraviolet pulse of Type 1a SN

Ø Interaction of ejecta on the companion star

u Other science goals
Ø Neutrino events
Ø SN survey in UV can co-orperate
Ø with neutrino astronomer
Ø Tidal disruption events
Ø Active Galactic Nuclei, etc.
Ø Atmospheric emission(BG?)

35�
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Yi	Cao et	al.	2015



Competitor/Collaboration
uA lot of Telescopes…
uRecent NUV Imaging mission:

Ø GALEX (Φ1.2�)
Ø UVOT/Swift (17’x17’)
Ø ASTROSAT (28’)
Ø ULTRASAT (210 deg2 21.5mag 900s)

36

Only the ULTRASAT can be used for GW follow-up.
• Caltech was searching for a chance to demonstrate their detector on orbit. 
• We were searching for the UV-detector.

from	Wikipedia

UV-CCD

Demo in	Space Tokyo	Tech	small	satellite	team
Caltech/JPL/Israel	

FoV is	not	enough	for	
GW	astronomy	

may	be	the	most	recent	shape



Mission Sequence: 
Arrival of Gravitational Wave
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TokyoTech

Ground StationGravitational Wave

GW is 
detected!!

• Detection of GW

• Waiting for Alert



Command uplink for follow-up Obs
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GW error circle

• Command uplink

for starting follow-up observation

• CMD should be sent ASAP

• real-time connection is needed



z

Tiling observation #1

39

The satellite promptly starts observation
Tiling Obs needs quick and stable Att control.



z

Tiling observation #2
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We cannot transfer all the data to the 
ground instantly.
Þ On-board analysis (reduction & 

detection) is required!!



z

Tiling observation #3
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UV TRANSIENT 
WAS 

DETECTED!!

Extract information of the source:
Time, Magnitude, Position, etc.



Alert to the Ground station
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• Send an alert to the GS
• this should be also ASAP



Multi-messenger astronomy
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Ground Observatories
(Radio, IR, Optical)
-GROWTH
-JGEM
-MITSuME (Tokyo Tech), etc.

Satellites for X, γ, UV



Mission Requirements

u Target Profile in NUV (Neutron Heating):
Ø Error-circle: > 100 deg2

Ø Rise time: < 1 hr
Ø Flux: > 22 mag
Ø Position Accuracy:  < 10”

u Mission Requirements:
Ø Detection Limit: > 22mag
Ø Cadence: > 2 cycle/hr
Ø Exposure: < 0.5 hr / (100deg2/FoV)
Ø Obs Duration: > 1 hour (with batt.)
Ø Delay of Alert: < 30 min
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We need:
-Wide field telescope which can detect 22 mag 
-Attitude stability ~10”
-Quick MNV ~  a few deg/s

Goal > 1 NS-NS merger/yr (Assuming 10 NS merger yr-1)



Such UV telescope will be useful for…

Based on Tominaga et al.  2011
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Estimation of Detection Limit
u Based on the UVOT/Swift DATA

Ø Diameter: 300mm
Ø Trans Rate x Q.E.: ~2.9 % (UVW1+UVM2)
22 mag(Vega) � 152 photon / 1000s at NUV(UVW1+UVM2)

u Estimation for the UV-telescope on Hibari
Ø Diameter: 200mm
Ø OPT Trans Rate: 70% (Requirement)
Ø Q.E.: 80% (Caltech’s UV-CCD)
Ø Electric Noise:

- Readout Noise(RMS):15.5 e- (5s x 60 frames)
- Dark@-30ºC: 790 e-/pixel/300s

Ø Foreground (based on GALEX DATA):
- Airglow(Local Time depend): ~78.6 [ph/s/cm2/str/Å] (-6<LS<+6h avg.) 
- Airglow(Sun Angle depend): ~675 [ph/s/cm2/str/Å] (120<S.A.180 )
- Zodiacal light: ~800 [ph/s/cm2/str/Å] (avoid ecliptic latitude)
=> 97 e-/pix/300s(night) / ~ 1000 e-/pix/300s (day)
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At 200-300 nm with 300s exposure we can detect
Þ 22.5 mag in night-side
Þ < 21.6 mag in day-side (airglow is x200 higher than night)
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Day
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Design of Telescope

u Requirements to the optics:
Ø D: < Φ200 mm => Exposure time > 300 s for 22mag
Ø FoV: > 17 deg2 <= 100 deg2 � (30min/300s)
Ø focal L: < 430 mm (from the CCD format and FoV)
Ø PSF: 15um (~2 pixel)

u Base design:
Ø Requirement: Short tube
� Riccardi-Honders OPTICS
Ø D200mm (F3.0)/$8k

u Modification
Ø BK7 � Fused Quartz or Synthetic Silica for UV
Ø Shrink the focal length 600mm � 430 mm

Allowed payload size: < Φ250 mm�height < 400 mm

The manufacturer (Italy) confirmed the NUV-transmission rate with fused Quartz.

We must shrink the focal length. (The base design still provide ~9 deg2)

Tube

Reccardi-Honders OPTICSUVCCDAttitude
sensor

Dichroic mirror



Estimation of data rate
u Alert(uplink) / Detection Notice(downlink)

Ø Time : 24 bit
Ø Coordinate: 12 bit x 2 (x 5 points)
Ø Magnitude: 8 bit
Total: ~146 bit (~18 Byte)

u Image Data 
Ø Raw Data: 2064�2046 pixel � 16bit = 8 MB/frame + Header

Ø Image combine: 10 sec � 6 frame (& Cosmic-ray subtraction)
Ø Extract sub-regions

- Object number: 5~10 (Target + Reference stars)
- sub-region: 50x50 pixel (5 kByte/sub-region)
- Header: ~1 kB (Coordinate+ Time + Temp,,,)

DATA RATE ~ 50 kByte /min
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Assuming 10 hour continuous observation, 
the total amounts of telemetry will be ~30 Mbyte/day

on board data reduction/compression



System Block Diagram
u System design is based on 

the experiences in 
TSUBAME project

u Controlled by CDH
u 2 kind of Data BUS
u Redundant design
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Attitude Control UV Telescope

Power Supply RF-Communication

CMD & Data Handling



Attitude Control System

u Large Angle MNV… Attitude control by Variable Structure
u Small Angle MNV… Reaction wheels
u Suppression of disturbance & vibration… RW
Simulation(Software in the Loop Simulation) concerned 
disturbance, RW dynamics, measurement errors of Att sensors
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10” stability is achieved
� Consistency of the Software Simulator was confirmed by TSUBAME 

10” Stability



Optical	mission
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Transiting Exoplanet Survey Satellite
Ricker	et	al.	2014



OBSERVATION PLAN
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1 orbit: 13-d observation + 0.6-d downlink
Ricker	et	al.	2014

(astro-ph	1406.0151)
The overlap of the sectors is illustrated in Fig. 7.

Approximately 30;000 deg2 are observed for at least 27 days.
Close to the ecliptic poles, approximately 2800 deg2 are
observed for more than 80 days. Surrounding the ecliptic
poles, approximately 900 deg2 are observed for more than
300 days.

7.3 Data Downlink and Housekeeping Operations

At perigee, science operations are interrupted for no more than
16 h to point TESS’s antenna toward Earth, downlink data, and
resume observing. This includes a nominal 4-h period for
Ka-band science data downlink using NASA’s Deep Space
Network. In addition, momentum unloading is occasionally
needed due to the ≈1.5 Nm of angular momentum build-up
induced by solar radiation pressure. For this purpose, TESS
uses its hydrazine thrusters.

7.4 Ground-Based Data Analysis and Follow-Up

The TESS data will be processed with a data reduction pipeline
based on software that was developed for the Kepler mission.20

This includes pixel-level calibration, background subtraction,
aperture photometry, identification and removal of systematic
errors, and the search for transits with a wavelet-domain
matched filter.

Once the data are processed and transits are identified,
selected stars will be characterized with ground-based imaging
and spectroscopy. These observations are used to establish
reliable stellar parameters, confirm the existence of planets,
and establish the sizes and masses of the planets. Observations
will be performed with committed time on the Las Cumbres
Observatory Global Telescope Network and the MEarth
observatory. In addition, the TESS science team members
have access to numerous other facilities (e.g., Keck, Magellan,
Subaru, HARPS, HARPS-North, Automated Planet Finder)
through the usual telescope time allocation processes at their
home institutions. The TESS team includes a large group of col-
laborators for follow-up observations and welcomes additional
participation.

8 Anticipated Results

8.1 Photometric Performance

Figure 8 shows the anticipated photometric performance of the
TESS cameras. The noise sources in this model are photon-
counting noise from the star and the background (zodiacal
light and faint unresolved stars), dark current (negligible), read-
out noise, and a term representing additional systematic errors
that cannot be corrected by cotrending. The most important sys-
tematic error is expected to be due to random pointing variations
(“spacecraft jitter”). Because of the nonuniform quantum effi-
ciency of the CCD pixels, motion of the star image on the
CCD will introduce changes in the measured brightness, as
the weighting of the image PSF changes, and as parts of the
image PSF enter and exit the summed array of pixels.

The central pixel of a stellar image will saturate at approx-
imately IC ¼ 7.5. However, this does not represent the bright
limit for precise photometry because the excess charge is spread
across other CCD pixels and is conserved, until the excess
charge reaches the boundary of the CCD. As long as the photo-
metric aperture is large enough to encompass all of the charge,
high photometric precision can still be obtained. The Kepler
mission demonstrated that photon-noise–limited photometry
can be obtained for stars 4 mag brighter than the single-pixel
saturation limit.21 Since similar performance is expected for
TESS, the bright limit is expected to be IC ≈ 4 or perhaps
even brighter.

8.2 Transit Detections

Monte Carlo simulations are used to verify that the science
objectives can be met and to anticipate the properties of the
detected planetary systems.12 These simulations are based on
a model of the local neighborhood of main-sequence FGKM
stars.11 Simulated stars are populated randomly with planets,
and “observed” by TESS. Those for which transits are observed
with a sufficiently high signal-to-noise ratio are counted as
detections. In addition, the simulated star catalog is populated
with eclipsing binaries that may be blended with brighter stars to

Fig. 7 (a) The instantaneous combined field of view of the four TESS cameras. (b) Division of the
celestial sphere into 26 observation sectors (13 per hemisphere). (c) Duration of observations on the
celestial sphere taking into account the overlap between sectors. The dashed black circle enclosing
the ecliptic pole shows the region which James Webb Space Telescope will be able to observe at
any time.
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produce transit-like signals; the detections of these “false pos-
itives” are also recorded.

Among the features of the current simulations are: (1) a real-
istic distribution of stars and eclipsing binaries based on local
census data; (2) probability distributions for planetary occur-
rence and orbital properties taken from the Kepler results;3

(3) variation in stellar surface density and zodiacal light with
position on the celestial sphere; (4) variation in the duration
of TESS observations depending on ecliptic coordinates.

Figure 9 illustrates some of the results. TESS is expected to
find thousands of planets smaller than Neptune, including hun-
dreds of super-Earths (1.25 − 2R!) and tens of planets compa-
rable in size to Earth. These will be accompanied by a
comparable number of false positives (as has been the case
for the Kepler mission), a majority of which are background
eclipsing binaries. Some false positives will be identifiable
using TESS data alone, based on the detection of secondary
eclipses, ellipsoidal flux modulation, or transit-specific image
motion. In other cases, ground-based observations will be
required to check for composite spectra, large radial-velocity
variations, color-dependent transit depths, and resolved com-
panions that are indicative of false positives.

8.3 Asteroseismology

Observing photometric variations due to stellar oscillations
(“asteroseismology”) provides sensitive diagnostics of the stel-
lar mass, radius, and internal dynamics. Based on the Kepler
experience with mode amplitudes as a function of stellar param-
eters,22 TESS can be expected to detect p-mode oscillations on
about 6000 stars brighter than V ¼ 7.5, including (a) the major-
ity of all stars brighter than V ¼ 4.5, (b) about 75 stars smaller
than the Sun, (c) about 2000 upper-main-sequence and subgiant
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Fig. 8 (a) Expected 1σ photometric precision as a function of stellar
apparent magnitude in the IC band. Contributions are from photon-
counting noise from the target star and background (zodiacal light
and unresolved stars), detector read noise (10e−), and an assumed
60 ppm of incorrigible noise on hourly timescales. (b) The number of
pixels in the photometric aperture that optimizes the signal-to-noise
ratio.

1 10 100

1

10

P
la

ne
t r

ad
iu

s 
(E

ar
th

 r
ad

ii)

Known Planets, May 2014

Earth-sized   

Super-Earths   

Sub-Neptunes   

Stars brighter than J=10

1 10 100
Orbital period (days)

1

10

(a) (b)

P
la

ne
t r

ad
iu

s 
(E

ar
th

 r
ad

ii)

1 10 100
Orbital period (days)

1

10

P
la

ne
t r

ad
iu

s 
(E

ar
th

 r
ad

ii)

Predicted TESS Yield
Known Planets, May 2014

Earth-sized   

Super-Earths   

Sub-Neptunes   

Stars brighter than J=10

1 10 100

1

10

P
la

ne
t r

ad
iu

s 
(E

ar
th

 r
ad

ii)

Fig. 9 Sizes and orbital periods of planets with host stars brighter than J ¼ 10. The J band was
chosen for convenience, since the 2MASS survey provides J magnitudes for all of the known
planet-hosting stars. (a) Currently known planets, including those from the Kepler and CoRoT
missions as well as ground-based surveys. (b) Including the simulated population of TESS
detections.
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• ~200,000 Preselected Stars
• 2 min cadence
• Almost all for Exoplanet+Asteroseismology

• ~1000 targets/yr by guest observer proposal 
• 1st GO proposal due: fall 2016

• Data release every 4 month

• ~20,000,000 Stars in FFI (Full Frame Images)
• 30 min cadence
• ΔM≈5 mmag for 106 stars and galaxies (Ic<14-15)
• Delivery delay TBD (1 week ~ 6 months)



POSSIBLE SUBJECTS
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• GRBs: (orphan) afterglows
• AGN: continuous light curve
• Tidal disruption events at centers of galaxies
• Gravitational Wave: optical counterparts/kilonovae
• Supernovae and novae: pre-maximum light curve
• X/gamma-ray binaries: multi-wavelength monitoring

• Outbursts of BH/NS binaries
• Black widow pulsars 

• Stars: super flares, super-orbital periodicities
• Asteroids, comets, TNO, …



PLANS?
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• Launch ~early 2018
• Guest Observer Proposal ~Summer 2017

• 2 min cadence targets
• FFI

• new transient pipeline?:  (e.g. ASAS-SN)
• coordinated observations for specific targets

• Follow-up (delay?)
• Sampling/monitoring spectroscopy, multicolor,…


