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emit a broadband synchrotron afterglow. OurUV
and x-ray observations place strong constraints
on the presence and/or orientation of such ejecta
after GW170817.
In Fig. 4, we plot the median and 25 to 75%

distribution of short GRB afterglows (13), scaled
to the distance of NGC 4993. Although a handful
of short GRBs have extremely fast-fading after-
glows (19) that would have been missed by our
observations, the bulk of the population would
have been easily detectable (7).
We can translate these x-ray upper limits to

physical constraints by using the standard an-
alytic afterglow formulation for synchrotron
emission (7). We found that for on-axis viewing
geometries, our nondetections limit the amount
of energy coupled to relativistic ejecta (EAG) to
be EAG < ~1050 erg (assuming the energy is ra-
diated isotropically). To verify this result, we ran
a series of simulations using the afterglow light
curve codeBOXFIT (20). Over the range of circum-
burst densities and afterglow energies inferred
for short GRBs (21), we calculated the x-ray flux
at the time of our firstNuSTAR epoch (which pro-

vides the tightest constraints, given typical after-
glowdecay rates). The results are shown in Fig. 4,
yielding a similar constraint (<~1050 erg) on the
afterglow energy as our analytic approach.
Our x-ray upper limits also help to rule out an

afterglow origin for theUV emission: the optical–
to–x-ray spectral index bOX ≥ 1.6 at Dt = 0.6 days
is highly inconsistent with observed GRB after-
glows (22). Analysis of the UV/optical spectral en-
ergy distribution (SED) at early times (Dt≤ 2days)
further supports this conclusion (7). Fitting the
SED with a blackbody function yields a temper-
ature TBB(Dt = 0.06 days) = 7300 ± 200 K, and
TBB(Dt = 1.0 day) = 6400 ± 200 K (Fig. 3). A power-
lawmodel, as would be expected for synchrotron
afterglow radiation, provides a very poor fit to the
data (7).We therefore conclude that the observed
UV counterpart must arise from a different phys-
ical process than an on-axis GRB afterglow.
Given the apparent absence of energetic, ultra-

relativistic material along the line of sight, the
detection of a short GRB is somewhat puzzling.
The isotropic g-ray energy release of GRB 170817A,
Eg,iso = (3.08 ± 0.72) × 1046 erg, is several orders

of magnitude below any known short GRB (23).
But even by using the observed correlation (13)
between Eg,iso and x-ray afterglow luminosity,
the predicted x-ray flux at Dt = 0.06 days is still
above our Swift and NuSTAR upper limits.
This requires an alternative explanation for

the observed g-ray emission, such as a (typical)
short GRB viewed (slightly) off-axis, or the emis-
sion from a cocoon formed by the interaction
of a jet with themerger ejecta (24–26).We return
to this issue below in the context of late-time
(Dt > ~10 days) x-ray emission (9, 10).

Implications of the early UV emission

Although inconsistentwith ultrarelativistic ejecta
(such as a GRB afterglow), our UVOT observa-
tions nonetheless imply an ejecta velocity that
is a substantial fraction of the speed of light (c).
If we convert the effective radii derived in our
SED fits (Fig. 3) to average velocities, !v ≡ RBB=Dt
(RBB is the radius of the emitting photosphere,
Dt is the time delay between the trigger and the
SED), we find that !v (Dt = 0.06 days) ≈ 0.3c, and
!v (Dt = 1.0 day)≈ 0.2c (27, 28). These velocities are
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Fig. 1. Skymap of Swift XRTobservations,
in equatorial (J2000) coordinates. The gray
probability area is the GW localization (52), the
blue region shows the Fermi-GBM localization,
and the red circles are Swift-XRT fields of view.
UVOT fields are colocated with a field of view
60% of the XRT. The location of the counterpart,
EM 170817, is marked with a large yellow cross.
The early 37-point mosaic can be seen, centered
on the GBM probability. The widely scattered
points are from the first uploaded observing plan,
which was based on the single-detector GW
skymap. The final observed plan was based on
the first three-detector map (11); however, we
show here the higher-quality map (52) so that
our coverage can be compared with the final
probability map [which was not available at the
time of our planning (7)].
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Fig. 2. False-color UV image of the field of EM 170817.The u, uvw1, and uvm2 filters have been assigned to the red, green, and blue channels,
respectively. (A) Bright UV emission is clearly detected in our first epoch, which (B) rapidly fades at blue wavelengths. (C) A zoom-in of the first epoch
with the transient circled. All images are oriented with north up and east to the left.
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NEUTRON STAR MERGER

Swift and NuSTAR observations of
GW170817: Detection of a blue kilonova
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With the first direct detection of merging black holes in 2015, the era of gravitational wave
(GW) astrophysics began. A complete picture of compact object mergers, however, requires the
detection of an electromagnetic (EM) counterpart.We report ultraviolet (UV) and x-ray
observations by Swift and the Nuclear Spectroscopic Telescope Array of the EM counter
part of the binary neutron star merger GW170817.The bright, rapidly fading UVemission
indicates a high mass (≈0.03 solar masses) wind-driven outflow with moderate electron fraction
(Ye ≈ 0.27). Combined with the x-ray limits, we favor an observer viewing angle of ≈30° away
from the orbital rotation axis, which avoids both obscuration from the heaviest elements in the
orbital plane and a direct view of any ultrarelativistic, highly collimated ejecta (a g-ray burst
afterglow).

A
t 12:41:04.45 on 17 August 2017 (universal
time is used throughout this work), the
Laser Interferometer Gravitational-Wave
Observatory (LIGO) and Virgo Consortium
(LVC) registered a strong gravitational

wave (GW) signal (LVC trigger G298048) (1),
later named GW 170817 (2). Unlike previous GW
sources reported by LIGO, which involved only
black holes (3), the gravitational strain wave-
forms indicated a merger of two neutron stars.
Binary neutron star mergers have long been con-
sidered a promising candidate for the detection
of an electromagnetic counterpart associated
with a GW source.
Two seconds later, theGamma-RayBurstMon-

itor (GBM) on the Fermi spacecraft triggered on
a short (duration, ≈2 s) g-ray signal consistent
with the GW localization, GRB 170817A (4, 5).
The location of the Swift satellite (6) in its low-
Earth orbit meant that the GW and g-ray burst

(GRB) localizations were occulted by Earth (7)
and sonot visible to its BurstAlert Telescope. These
discoveries triggered a worldwide effort to find,
localize, and characterize the EM counterpart
(8). We present ultraviolet (UV) and x-ray obser-
vations conducted as part of this campaign; com-
panion papers describe synergistic efforts at radio
(9) and optical/near-infrared (10) wavelengths.

Search for a UV and x-ray counterpart

Swift began searching for a counterpart to
GW170817 with its X-Ray Telescope (XRT) and
UV/Optical Telescope (UVOT) at 13:37 (time since
theGWandGRB triggers,Dt= 0.039 days). At the
time, the most precise localization was from the
Fermi-GBM (90% containment area of 1626 deg2),
so we imaged a mosaic with radius ~1.1° cen-
tered on the most probable GBM position. Sub-
sequently, at 17:54 (Dt = 0.2 days) a more precise
localization became available from the LIGO and

Virgo GW detectors, with a 90% containment
area of only 33.6 deg2 (11). Following the strategy
outlined in (12), Swift began a series of short
(120 s) exposures centered on known galaxies in
the GW localization (Fig. 1) (7).
No new, bright [x-ray flux (fX) ≥ 10−12 erg

cm–2 s–1] x-ray sourceswere detected in thewide-
area search (XRT imaged 92% of the distance-
weightedGW localization) (7). In order to quantify
the likelihood of recovering any rapidly fading
x-ray emission, we simulated 10,000 short GRB
afterglows based on a flux-limited sample of short
GRBs (13) and randomly placed them in the three-
dimensional (3D) (distance plus sky position) GW
localization, weighted by the GWprobability. We
found that in 65% of these simulations, we could
recover an x-ray afterglow with our wide-area
tiling observations (7).
At 01:05 on 18 August 2017 (Dt = 0.5 days), a

candidate optical counterpart, Swope Supernova
Survey 17a (SSS17a) (14, 15), was reported in
the galaxy NGC 4993 [distance (d) ≈ 40 Mpc].
Ultimately, this source, which we refer to as
EM 170817, was confirmed as the electromagnet-
ic counterpart to theGWdetection and theFermi
GRB (8), making it the closest known short GRB
to Earth. Follow-up observations of EM 170817 (7)
with Swift began at 03:34 (Dt = 0.6 days) and
with the Nuclear Spectroscopic Telescope Array
(NuSTAR) (16) at 05:25 (Dt = 0.7 days). In the
first exposures (Dt = 0.6 days), the UVOT de-
tected a bright fading UV source at the location
of EM 170817 (Fig. 2). The initial magnitude was
u ¼ 18:19þ0:09

#0:08 mag (AB), but subsequent expo-
sures revealed rapid fading at UV wavelengths.
The rapid decline in the UV is in contrast to the
optical and near-infrared emission, which re-
mained flat for a much longer period of time
(Fig. 3) (10).
Neither the Swift-XRT nor NuSTAR instru-

ments detected x-ray emission at the location
of EM 170817. A full listing of the Swift-XRT and
NuSTAR upper limits at this location is provided
in table S2.

The UV counterpart rules out an
on-axis afterglow

In the standard model of GRBs (17, 18), the
prompt g-ray emission is generated by internal
processes in a highly collimated, ultrarelativistic
jet. As the ejecta expand and shock heat the cir-
cumburst medium, electrons are accelerated and
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emit a broadband synchrotron afterglow. OurUV
and x-ray observations place strong constraints
on the presence and/or orientation of such ejecta
after GW170817.
In Fig. 4, we plot the median and 25 to 75%

distribution of short GRB afterglows (13), scaled
to the distance of NGC 4993. Although a handful
of short GRBs have extremely fast-fading after-
glows (19) that would have been missed by our
observations, the bulk of the population would
have been easily detectable (7).
We can translate these x-ray upper limits to

physical constraints by using the standard an-
alytic afterglow formulation for synchrotron
emission (7). We found that for on-axis viewing
geometries, our nondetections limit the amount
of energy coupled to relativistic ejecta (EAG) to
be EAG < ~1050 erg (assuming the energy is ra-
diated isotropically). To verify this result, we ran
a series of simulations using the afterglow light
curve codeBOXFIT (20). Over the range of circum-
burst densities and afterglow energies inferred
for short GRBs (21), we calculated the x-ray flux
at the time of our firstNuSTAR epoch (which pro-

vides the tightest constraints, given typical after-
glowdecay rates). The results are shown in Fig. 4,
yielding a similar constraint (<~1050 erg) on the
afterglow energy as our analytic approach.
Our x-ray upper limits also help to rule out an

afterglow origin for theUV emission: the optical–
to–x-ray spectral index bOX ≥ 1.6 at Dt = 0.6 days
is highly inconsistent with observed GRB after-
glows (22). Analysis of the UV/optical spectral en-
ergy distribution (SED) at early times (Dt≤ 2days)
further supports this conclusion (7). Fitting the
SED with a blackbody function yields a temper-
ature TBB(Dt = 0.06 days) = 7300 ± 200 K, and
TBB(Dt = 1.0 day) = 6400 ± 200 K (Fig. 3). A power-
lawmodel, as would be expected for synchrotron
afterglow radiation, provides a very poor fit to the
data (7).We therefore conclude that the observed
UV counterpart must arise from a different phys-
ical process than an on-axis GRB afterglow.
Given the apparent absence of energetic, ultra-

relativistic material along the line of sight, the
detection of a short GRB is somewhat puzzling.
The isotropic g-ray energy release of GRB 170817A,
Eg,iso = (3.08 ± 0.72) × 1046 erg, is several orders

of magnitude below any known short GRB (23).
But even by using the observed correlation (13)
between Eg,iso and x-ray afterglow luminosity,
the predicted x-ray flux at Dt = 0.06 days is still
above our Swift and NuSTAR upper limits.
This requires an alternative explanation for

the observed g-ray emission, such as a (typical)
short GRB viewed (slightly) off-axis, or the emis-
sion from a cocoon formed by the interaction
of a jet with themerger ejecta (24–26).We return
to this issue below in the context of late-time
(Dt > ~10 days) x-ray emission (9, 10).

Implications of the early UV emission

Although inconsistentwith ultrarelativistic ejecta
(such as a GRB afterglow), our UVOT observa-
tions nonetheless imply an ejecta velocity that
is a substantial fraction of the speed of light (c).
If we convert the effective radii derived in our
SED fits (Fig. 3) to average velocities, !v ≡ RBB=Dt
(RBB is the radius of the emitting photosphere,
Dt is the time delay between the trigger and the
SED), we find that !v (Dt = 0.06 days) ≈ 0.3c, and
!v (Dt = 1.0 day)≈ 0.2c (27, 28). These velocities are
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Fig. 1. Skymap of Swift XRTobservations,
in equatorial (J2000) coordinates. The gray
probability area is the GW localization (52), the
blue region shows the Fermi-GBM localization,
and the red circles are Swift-XRT fields of view.
UVOT fields are colocated with a field of view
60% of the XRT. The location of the counterpart,
EM 170817, is marked with a large yellow cross.
The early 37-point mosaic can be seen, centered
on the GBM probability. The widely scattered
points are from the first uploaded observing plan,
which was based on the single-detector GW
skymap. The final observed plan was based on
the first three-detector map (11); however, we
show here the higher-quality map (52) so that
our coverage can be compared with the final
probability map [which was not available at the
time of our planning (7)].
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Fig. 2. False-color UV image of the field of EM 170817.The u, uvw1, and uvm2 filters have been assigned to the red, green, and blue channels,
respectively. (A) Bright UV emission is clearly detected in our first epoch, which (B) rapidly fades at blue wavelengths. (C) A zoom-in of the first epoch
with the transient circled. All images are oriented with north up and east to the left.
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much larger than seen in even the fastest known
supernova explosions (29). Similarly, the rapid cool-
ing of the ejecta, resulting in extremely red colors at
Dt ≥ 1 day (Fig. 3), is unlike the evolution of any
common class of extragalactic transient (30).
Both of these properties are broadly consistent

with theoretical predictions for electromagnet-
ic counterparts to binary neutron star mergers
known as kilonovae (sometimes called macro-
novae or mini supernovae) (31, 32). Numerical
simulations of binary neutron star mergers im-
ply that these systems can eject ~10−3 to 10−2

solar masses (M⊙) of material with velocity (v) ~
0.1 to 0.2c, either via tidal stripping and hydro-
dynamics at the moment of contact [hereafter
referred to as dynamical ejecta (33)] or by a variety
of processes after the merger, which include vis-

cous, magnetic, or neutrino-driven outflows from
a hypermassive neutron star (if this is at least the
temporary postmerger remnant) and accretion
disc (34–37). All of these postmerger outflows are
expected to have a less neutron-rich composi-
tion than the dynamical ejecta, and in this study,
we use the general term “winds” to refer to them
collectively.
Next, we examined the implications of the rel-

atively brightUV emission at early times. SuchUV
emission is not a generic prediction of all kilonova
models; large opacity in the ejecta owing to nu-
merous atomic transitions of lanthanide elements
can suppress UV emission, even at early times
(38, 39). This is particularly true for the dynamical
ejecta, in which a large fraction of the matter is
thought to be neutron-rich [electron fraction (Ye)≤

0.2] and so produces high–atomic number ele-
ments (with ~126 neutrons) via rapid neutron
capture [the r-process (40)].
In contrast to the dynamical ejecta, a wind can

have a substantially larger electron fraction, par-
ticularly if irradiated by neutrinos. Ye values of
~0.2 have been inferred from accretion discs
around rapidly spinning black holes (41), whereas a
long-lived hypermassive neutron starmay increase
the neutrino flux even further (Ye ~ 0.3) (35). As a
result of these large electron fractions, nucleo-
synthesis is expected to stop at the second or even
first r-process peak (elements with 82 or 50 neu-
trons respectively), resulting in few (if any) lantha-
nide elements and a dramatically reduced opacity.
Our x-ray nondetections place limits on the

presence of a long-lived hypermassive neutron
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Fig. 3. UV and optical light curves and SEDs. (A) Swift-UVOT light curve of the optical counterpart EM 170817 of GW170817.The data are corrected for
host galaxy contamination. Upper limits are plotted as inverted triangles. Also shown are host-subtracted optical and near-infrared photometry from
Pan-STARRS (53). (B and C) The spectral energy distribution of EM 170817, with blackbody models (black curves) demonstrating the rapid cooling of the
ejecta. Overplotted are the best-fitting kilonova models (colored lines), in which the wind ejecta have mass 0.03 M⊙ and velocity 0.08c, whereas the
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Fig. 4. Predicted x-ray flux of an afterglow to GW170817. (A) The
distribution of short GRB light curves (13), scaled to 40 Mpc.The solid line
shows the median behavior; the two dashed-dotted lines represent the
25 and 75 percentiles. The blue line with the triangle corresponds to the
time range covered by the large-scale tiling with Swift-XRTand shows
the typical sensitivity achieved per tile.The red arrows represent the XRTupper
limits on emission from EM 170817 obtained by summing all the data up

to the time of the arrow. The gray diamonds show the NuSTAR limits on
emission from EM 170817. (B) The x-ray flux predicted for an on-axis jet for
a range of isotropic afterglow energies and circumburst densities. The
black line indicates the flux upper limit of the firstNuSTAR observation; red
squares are known short GRBs with EAG and n0 (21). Our observations
rule out an energetic, ultrarelativistic outflow with EAG > ~1050 erg for
on-axis geometries.
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Images: Evans, Cenko, Kennea, et al. (2017), Science
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We performed a relativistic hydrodynam-
ical simulation in which a jet is injected into
expanding ejecta to verify this model for
EM170817 (10). We find that even if a minute
amount of ejecta (! 3 ! 10" 9 M! ) moves at 0.8c,
the breakout radius and velocity match those
needed to produce the observed gamma rays
for a wide range of ejecta and jet properties (10).
For example, in the simulation shown in Fig. 6, a
shock with G ! 2.5 breaks out 10 s after the
merger at a radius of 2.4! 1011cm, generating
gamma-ray emission that would be observed
with a delay of 2 s with respect to merger time
[consistent with the Fermi observations (3, 4)].
After the cocoon breaks out, the photons that
were deposited by the shock diffuse outward
and produce a cooling emission that fades on
time scales of hours (34). After a few hours,
radioactive decay of r-process elements becomes
the dominant source of the observed emission.
The emission during the first day is dominated
by fast cocoon material (v ! 0.4c), which is
composed of high-latitude, low-opacity (k ~
1 cm2 gÐ1) ejecta that was accelerated by the jet
to high velocities. After a few days, the slower,
higher-opacity (k ~ 10 cm2 gÐ1) dynamical ejec-
ta begins to dominate the emission. We find

that the bolometric light curve evolution and the
temperature evolution predicted by this simula-
tion is consistent with our UVOIR observations
(Fig. 2).

The available radio and x-ray data are broadly
consistent with both cocoon scenarios, albeit
with slightly different circum-merger densities
(15, 18). If the jet is choked, the radio and x-ray
data could be explained by the forward shock
that the expanding cocoon drives into the circum-
merger medium. If the jet is successful, the radio
and x-ray data could be explained as a widely off-
axis afterglow of the jet. If this emission is from
the forward shock of a cocoon, we predict that
the x-rays and radio will continue to rise. On the
other hand, if this emission is from a widely off-
axis afterglow of the jet, we predict that it will
evolve slowly and eventually fade. In both sce-
narios, a cocoon would be needed to explain the
gamma rays. We conclude that the cocoon model
can self-consistently explain the multiwave-
length properties of EM170817 spanning gamma
rays to radio.

Implications

First, we consider whether EM170817 was an ex-
ceptional event or whether multimessenger detec-

tions will soon become routine. The large ejecta
masses and high velocities observed in EM170817
suggest that intrinsically luminous UVOIR mac-
ronova emission should accompany every NS-NS
merger. If our proposed mildly relativistic cocoon
model is correct, the wide opening angle of
the cocoon implies that gamma rays would be
emitted toward the observer in about 30% of
NS-NS mergers. If the jet is choked, we expect
to see late onset of radio and x-ray emission
from the cocoon forward shock. If the jet produc-
ing the cocoon successfully breaks out, the source
would appear either as a classical wide off-axis
afterglow or a classical on-axis afterglow, depend-
ing on the observerÕs line of sight. The launch
of a successful on-axis cocoon jet may already
have been evident in previous reports of possi-
ble late-time excess optical or infrared emission
in sGRBs attributed to macronovae. In Fig. 4,
we show that the excess emissions seen in GRB
130603B (39), GRB 160821B (40), and GRB 050709
(41) are roughly consistent with our observed light
curve for EM170817. Separately, a plateau in the
distribution of durations of sGRBs may indicate
that a large fraction of sGRBs have choked jets
(42). Joint gravitational wave and electromagnetic
observations of NS-NS mergers will shed light on
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Fig. 5. Model schematics considered
in this paper. In each panel, the eye
indicates the line of sight to the observer.
(A) A classical, on-axis, ultrarelativistic,
weak short-hard gamma-ray burst
(sGRB). (B) A classical, slightly
off-axis, ultrarelativistic, strong sGRB.
(C) A wide-angle, mildly relativistic,
strong cocoon with a choked jet.
(D) A wide-angle, mildly relativistic,
weak cocoon with a successful
off-axis jet.
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GW170817: Why so blue?

Image: Kasliwal, Nakar, Singer, et al. (2017), Science

• Early models (Lattimer+Schramm 1974, Eichler+ 1989, 
Li+Paczyński 1998) predicted bright, fast, optical/UV 
kilonova emission.


• Realistic modeling of lanthanide atomic structure 
(Kasen+ 2013) led people to expect high optical 
opacities and faint, slow, infrared emission which 
would be much harder to hunt down (Mezger+Berger 
2012).


• Spectral sequence of the GW170817 kilonova matched 
those predictions well (Pian+ 2017), but it was 
unexpectedly bright and blue at early times.


• The cause of the bright UV/optical emission remains 
one of the greatest mysteries surrounding 
GW170817.


• Leading explanations are radioactive power from fast, 
high  polar ejecta or shock heating of the ejecta by 
the emerging jet (“cocoon”)

Ye

https://ui.adsabs.harvard.edu/abs/2017Sci...358.1559K/abstract
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Early UV observations can discriminate between 
shock vs. radioactively powered kilonova emission.

See also Villar (2017), Gottlieb (2017), Piro+Kollmeier (2018), Arcavi (2018), etc. 
Left: UVEX/Leo  Singer/NASA. Right: Kulkarni+ 2023, arXiv:2111.15608

https://ui.adsabs.harvard.edu/abs/2017ApJ...851L..21V/abstract
https://ui.adsabs.harvard.edu/abs/2018MNRAS.479..588G/abstract
https://ui.adsabs.harvard.edu/abs/2018ApJ...855..103P/abstract
https://ui.adsabs.harvard.edu/abs/2018ApJ...855L..23A/abstract
https://arxiv.org/abs/2111.15608


UVEX is NASA's next Mid-range Explorer 
(MIDEX), scheduled for launch in 2030. It will 
perform deep, cadenced time-domain survey 
in two UV bands with high image quality and 
will follow up multi-messenger targets of 
opportunity and community targets.

Image Bandpasses 1390–1900, 2030-2700 Å

Image Quality <2.25″ HPD

FOV 3.5°×3.5°

Sensitivity >24.5 AB (S/N 5, 900 s)

Survey Depth >25.8 AB

Spectroscopy 1150–2650 Å, R>1000

Prime Mission 2 years

Launch 2030

Image: Kulkarni+ 2023, 
arXiv:2111.15608

https://arxiv.org/abs/2111.15608


Linear programming (LP)

Canonical form 

Maximize cTx
subject!to Ax ! b

and x " 0.

Maximize a linear combination of decision variables, 
subject to linear inequality constraints.


• Studied at least as early as 1827 (Fourier) but 
algorithms for solving large scale problems were in 
1946-47 (Dantzig, von Neumann).


• The global optimum (if it exists) can be found in 
polynomial time (Khachiyan, 1979).


• Important applications in economics and finance, 
game theory, industrial engineering, etc.



Integer linear programming (ILP) 
All variables must take integral (or binary) values.


Mixed integer linear programming (MIP, MILP) 
Some specific variables (but not all of them) must take integral (or binary) values.


 
• Non-convex and famously NP-complete (Karp 1972)


• However, solvable by dynamic programming methods such as 
branch-and-bound or branch-and-cut :-)


• Algorithms are well studied due to important commercial 
applications (industrial process optimization, IC and PCB 
design, oil & gas, etc.)


• Powerful, general-purpose solvers have been available since 
the 1980s


• Focus more on describing your science requirements, and 
less on how  to get there

https://link.springer.com/chapter/10.1007/978-1-4684-2001-2_9


Hierarchical Equal Area isoLatitude Pixelization

• is a map projection that is area-preserving 
and minimizes artifacts at the poles and 
seams


• is a spatial indexing scheme that is popular 
in astronomy


• is very much like a geocode


• maps 2 angle coordinates (longitude/right 
ascension, latitude/declination) to one integer 
using a space-filling curve


• is a multi-resolution tree data structure


• was invented for cosmic microwave 
background astronomy


• was brought (by me) to the gravitational-wave 
community as the standard format for 
probability maps

HEALPix

!! "

!!#
!! $

!! %

Image: Singer, 
Parazin, Coughlin, 
et al. (2022), AJ 

https://ui.adsabs.harvard.edu/abs/2022AJ....163..209S/abstract
https://ui.adsabs.harvard.edu/abs/2022AJ....163..209S/abstract
https://ui.adsabs.harvard.edu/abs/2022AJ....163..209S/abstract


Max weighted 
coverage

elements = HEALPix pixels 
weights = HEALPix probability map 
subsets = field footprints


about 100k elements, 1k subsets



Max weighted coverage




Given!sets S= { S1,S2,É ,Sm}
over!elements { 1,2, É ,n}

with!weights { w1,w2,É ,wn} ,

find!the!subset S#￼ $ S, ! S#￼! ! k

that!maximizes !
j%& S#￼

wj .

A classic ILP problem:

4 5 6

1 2 3

7 8 9

S1

S2

S3 S4

ILP formulation: 

Maximize !
j

yjwj

Subject!to !
i

xi ! k

and !
i' j%Sj

xi " yj

with!binary!variables yj %{ 0,1} , xi %{ 0,1}

and!weights wj %( + .

Find more in our 
recorded lecture on 

MILP for astronomy in 
the ZTF Summer School 
2024: AI in Astronomy



The scheduler optimizes the detection probability 
subject to these constraints:

Constraints

Field of regard: stay out of Sun, Earth, and Moon avoidance zones


Slew time: limits on angular acceleration and rate


Roll: must observe at the optimal roll angle for the solar array 

Visits: visit each field twice 

Cadence: minimum time between revisits of a field


Localization: 3D prob. distribution over source's unknown sky 
location, distance 


Luminosity function: distribution of source's unknown abs. magnitude


Exposure time: varied dynamically for each field; limiting magnitude 
for each pixel depends on zodiacal light, Galactic diffuse background, 
and dust extinction


Detection probability: integral over the footprint of the selected fields 
of the luminosity function, sky location probability distribution, and 
distance



The dynamic 
exposure time 
strategy is more 
likely to detect 
kilonovae than any 
fixed exposure time.



• Run the scheduler 
for all events.


• Trigger follow-up 
for all events that 
have a detection 
probability ≥10%.


• There is no 
explicit threshold 
on sky area or 
distance.

Observing 
strategy



• Mixed integer linear programming 
scheduler for targets of 
opportunity


• Deeply integrated with the 
Astropy ecosystem


• Vector-accelerated synthetic 
photometry for larger parameter 
sweeps than are practical with 
synphot


• Observing constraint modeling 
framework inspired by astroplan


• Free and open source

M4OPT: Multi-Mission Multi-Messenger Observation Planning Toolkit



• It already supports both UVEX and 
ULTRASAT. Some modules being used with 
Pandora.


• Support for ground-based observations 
coming soon!


• Use M4OPT for your project!


• Contribute to M4OPT with issues and pull 
requests!


• Find our papers on arXiv! 
https://arxiv.org/abs/2501.14109  
https://arxiv.org/abs/2502.17560

https://github.com/m4opt/m4opt

Join M4OPT on GitHub

This presentation is licensed under 
CC BY-NC-ND 4.0    

https://arxiv.org/abs/2501.14109
https://arxiv.org/abs/2502.17560
https://github.com/m4opt/m4opt
https://creativecommons.org/licenses/by-nc-nd/4.0/?ref=chooser-v1

