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Abstract: The rich EM phenomenology in the seconds, minutes, and hours just before, during, and after a compact object merger encodes the
magnetization of the binary components, the nature of the post-merger remnant, the neutron star equation of state, the free neutron abundance, and a
wide array of other compelling physics. Unfortunately, the requirement to search, find, and classify an electromagnetic counterpart within the large
GW localization regions before targeted follow-up with sensitive instruments can begin, excludes access to these earliest times, even for the most
well localized GW sources. The ability to promptly localize a GW source to within the field-of-view of a narrow-field sensitive facility, would
enable extraordinary science. | will discuss the science cases that require extremely early time observations, and the coordination, instruments, and
analyses necessary to achieve it. These include gamma-ray imaging, novel data analysis techniques, pre-merger GW detection, faster space
telescopes, and new experiments.
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Astrophysical Colliders- New Physics

Black Hole
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GSFC/Gottlieb

Pirsa: 23100105 Page 4/50




Astrophysical Colliders- New Physic

- Black Hole
.~ Formation

Cosmography

GSFC/Gottlieb

Pirsa: 23100105 Page 5/50



PHASE

Inspiral Dynamical Accretion

X-ray/radio
precursor

SIGNAL
—
=
——
é&
coalescence

Here Be
Dragons

short GRB X-ray extended

emission/

plateau blue

klonovh red
kilonova

170817

discovery
Remnant /

EVENT
)\
¢

-seconds -ms

Pirsa: 23100105

' r-process
.* .

4
l ms magnetar

e

v

10 ms 100 ms mins-hrs  hrs-days days-week

Fernandez + Metzger (2016)

month-yrs

plHg) (km=1sMpc)

— plHy | GW170817)

[ [
[ [ )
| [ Planck’’
] ]
1 I SHoES*™®
0.04 | |
] ]
[ [
] ]
] ]
[ [
] ]
0.03 [ [
I [
] ]
[ [
I [
[ [
I [
0.02
[
[ [
[ I
[ [
[ [
0.01 ! !
[ [
I [
I [
I [
[ [
[ [
0.00 T . T T . T T T T T
50 60 70 80 90 100 110 120 130

Ho (kms~ Mpc~1)

LVC et al. (2017)

Page 6/50

140



time since merger (days)

10° 10* 10° 10% 10% 10° 10! 102 10°

GRB kilonova

afterglow
non-thermal, beamed radioactive, thermal relativistic
i isotropic non-thermal

44

42 optical

infrared
40

38

logio luminosity (erg/sec)

36

radio \

10° 10° 10* 10° 10° 10’ 10°
time Since merger (SecondS) Credit: D. Kasen, NASA GW-EM Task Force

10! 10° 10*

Pirsa: 23100105 Page 7/50



Frequency (Hz)

We were incredibly lucky in 2017
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One example: Early UV observations required to break
model degeneracy
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Just a few Open Questions:

What is the remnant, NS or BH, for the typical NS merger?

How does the outcome of nucleosynthesis depend on the remnant?

What is the maximum mass of a neutron star, equation of state?

What is the GRB jet formation condition? Launching efficiency?

What determines the jet's energy, Lorentz factor, opening angle?

Your favorite question about accretion, black hole formation, compact objects,
supra-nuclear matter, ultra-relativistic flows...
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Why is this hard?
GW localizations are poor!
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Why is this hard?

90% area: 7461 deg?

GW localiz Table 2. Summary Statistics for O3, O4, and O5.
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localized GW to date, A2 . B2 23 instruments
0.02x median T p o I @ Las Cumbres 1m
o o SR % M KAIT

IMACS

- ﬁé‘é‘B Coverage

Swift/BAT
M FermilGBM

M FermilLAT

Sources

umGalaXies
D - Gl XRT Sources

u SCIMMA XRT Sources

>4000 search exposures
>20 instruments spanning radio -~ gamma

GW Treasure Map (Wyatt, AT, et al. 2020): treasuremap.space
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Skymap coverage for GW190814:

All wavelengths (optical dominant)
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The wide-field search is only the first step...
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So, wide-field UVOIR searches are too slow... But there are also other problems:
Kilonova is intrinsically too faint for discovery at cosmological distances.
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Why do we want to do sensitive (targeted) GRB searches?
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Burst Alert Telescope

Coded

Aperture
Mask

Det Y

Graded-Z
Shield

Optical
Bench

Module
Control Box

o O O O

Power

Radiator Supply Box

BAT Detector Array

160 g

ﬂi“*‘ W {‘. q__ 1-’3“ HIEBEHW ’*i!ﬂ’b ]
: e v e R - YT R L D D R
H““WFM"W 3 R T TR e "L R I YO
0 HEAT VI KA D FEE PR RN R E | ekl

140

120 veeieEm TS ¢ (AR AR B

100 A OB A% ATENEE ) SR AT F 06N S0 M
G COMESENE XA - ot R D TV i DR R B

80 IR BRED £ TR AL . SR N0 N 2 I T DA F 2 4T
N D TOE 4 B ¢ VS DM IR A4S - TR DR PRI kel

60 oG EEN AL T R R TN VA P
BhE TR A R DN OS2 BRI VR R VTR G

30 o015 N OO T A PN R T R 11, BT R

5 [0 B T cal TS WIS TR T D o R WU
202 wmmn rmmmmmmmm

o -

100

0 50

250

Pirsa: 23100105

(shadowgrams)

Hard X-rays (15-350 keV)

1/6 of the whole sky (~2 sr.) FoV
Localizes ~100 GRB/yr onboard
Prompt Arc-minute localization
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SWIFT BAT
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25-100 keV simulated BAT hghtcurve of GRB 170817

Intrinsic capability of BAT i rr———

400 75% coded: 180 onboard trigger

With event data (each count tagged with - 1 SN ot e o e
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The Problem: Required Data Don’'t Make it to the Ground

e Swift mission design was for prompt (~seconds) Wrap time distribution

ID and location of bursts
o No requirement for non real-time analysis

084

o
o

e BAT effective area very large » High Data
Volume

e Antenna is bandwidth limited and onboard
recorders are insufficient

Fraction of time

o
4

024

e Result: For ~15 years BAT has relied on onboard 00 ]

real-time analyses to find GRBs IS

o No targeted searches

o No way to assess completeness/selection

effects of onboard trigger algorithms
“Fast response” commanding
e Data we need are saved to an onboard ring was ~2-4 hours!!!!

buffer. If we can get to it in time, and get it to
the ground, great science is possible!
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Gamma-ray Urgent Archiver for Novel
Opportunities (GUANO):

swift/BAT dumps on demand to enable sensitive sub-threshold GRB searches
(AT, Kennea, DeLaunay, et al. 2020 )

GUANO success rate vs Command Latency

3 1¢7

(]

Data in buffer (negative = data lost)
(]

] \:‘%‘* X
e,
. .;. ”rt‘;;ﬂ-hb .

l‘.:..;
‘-

'<— Median GUANO command sent To + 15.9 mins
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GUANO command delay (min)

40

Autonomously commanding spacecraft in
extremely low latency to save temporally
coincident event level data. ~5x/day

First ever autonomous on-demand
commanding of a space telescope for
scientific purposes

Commanding infrastructure also now
used for very low-latency ToO repoint
with narrow-field Swift instruments

©  On target to FRBs in O(1) minutes
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Now can do imaging, but...

10° 4 -—- Log-linear fit to signal population
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NITRATES (Non-Imaging Transient Reconstruction And
TEmporal Search):

A new maximum likelihood Analysis Framework for BAT data

e Using the GUANO data, and bursts with known positions and spectra, we calibrate the BAT
out-of-FoV response for the first time.

e GRBs are fully forward modelled through the instrument response, and resultant shadowgrams
are produced

e These data models are compared to the observed data with a likelihood test

e 3-0 X more sensitive than imaging, dep on source spectrum+position

6=150°, ¢ =30", Fluence = 5E-06 erg/cm?

6=35",¢=30", Fluence = 5E-06 erg/cm?
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J. DeLaunay + AT, 2022
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Diffuse Model

=1300 s of exposure
with no bright sources

Q

CXB shining through mask openings wo [T

creates spatial pattern across detector
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tiles or shield and cosmic ray induced
photons do not create any particular
spatial pattern

- Two parameters per Ebin

Q. = unblocked solid
angle for detector i
T = duration

[S—

Point Source Model

Detector Response
Rj (E}_) =w Aeﬂ(E?)
w is the probability of count
falllng in Ebin j, Zw =1

--------------------------------------

For a photon spectra, f(E)
\°=TJf(E)R(E) dE,

Example PS Model
Sky Position: (9, gﬁ) Bf?TS;‘.(beO‘.F!lllenc.el=_5E?0'6erg.fcrr1‘
Spectra: Norm (A) and shape

parameters

For a cutoff power-law spectrum
PS —
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Diffuse Model

=1300 s of exposure 0
with no bright sources i

- CXB shining through mask openings BT e 070
creates spatial pattern across detector ©0 5 10 é'—EEEEEEEEE .
plane : e “3

- CXB photons that travel through mask ®0 % ————— o il TP
tiles or shield and cosmic ray induced 300 e v 00 ommme | amm
photons do not create any particular R DElTsf 2t s N
spatial pattern '

- Two parameters per Ebin )\ud'ﬁ = (Q d)jb 63 rjb )T | Q = unblocked solid

e - angle for detector i

| 0" = rate per det. per @ i T = duration

\ r® = rate per det.
Point Source Model -

Detector Response : Example PS Model
Sky Position: (9, (P) R (E) =W Aeff(E.,) e B=35".4=30". Fluence - 55_06ergxcm1
Spectra: Norm (A) and shape w is the plrobab'ility of count . 0
parameters 'falling in Ebin j, sw =1 T
For a cutoff power-law spectrum For a photon spectra, f(E ) ‘ 8
0™ ={0,¢, A E_ .V} AS=T[fE)R(E)dE, e =
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Targeted Search Pipeline

__________________________________________________________________________

. Searches for GRB-like emission in time bins around some
e Pipeline to run GRB search around i time of interest, t,
some external trigger time . e Tests durations 0f 0.128 s, 0.256 s, ..., 16.384 s
® Includes simpler analyses for seeding . e For each duration time bins are made fromt_- 20 s to

to find interesting times and cut down : 5 .
position parameter space t, + 20 s, with a step of % the duration

>1000 time bins
" GRB 1808058, Full Rates Analysis Full Rates Analysis
= - Using the counts from all detectors and energy bins,
excesses above background are checked for in all of the

201

15 A

5 o time bins.
5 - The few bins with the highest S/N for each duration size are
01 kept as time seeds.
-100 -7.5 -50 -25 00 25 50 75 100 - kag and O, are calculated using a linear fit to the rates.
t-to (s) , ates _:.\.'J_ o ;\71)‘\.(}
_ _ S/NT¥e = ‘
0.256 s time bins N2y + 0q

l <100 time bins
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NITRATES:

e The spatial parameter space to search is massive: FOV ~7000 deg” and PSF <20 arcmin.
e Can’t possibly search every location in low-latency.
e Need spatial seeding and intelligent stage-refined localization tests.
e Even with seeding ~500 CPU hours required. 0400 3 = . - .= 3 + . . .
GRB 180805B Split Rates Analysis (il S ey ey ey rae R pra
1.00 - 0.390 1 . . * . . . . + - . * coarse grid
posccecccec000000000000000 I T S R R fine grid
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se000 LYY X v aln il e Rl s
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025 1 eeses 600606 . ¢ |¢ 3 o *l3el8 1 o o
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External GRB triggered search results:

e Since Feb 2020: Triggering on GRBs
detected by Fermi, INTEGRAL, CALET,
HAWC
e These GRBs have either large (~100-1000
deg?) or no localizations
e GUANO has discovered arcminute
localizations for 34 GRBs to date
(~1/month).

o >15% of all arcmin localized GRBs.

e Higher short GRB recovery fraction
0 25% VS 10% fDr BAT Onboard Edge of the BAT FoV (5% codec

e Localizations distributed to community for

follow-up in O(hours) via GCN

o 23 of 34 got prompt follow-up - _
o 15 afterglows discovered Many localizations unrecoverable

with conventional imaging

207 00" 140 20
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Coherent GW-GRB joint search

MoU between LVK + GUANO, to combine the spatio-temporal and parametric.
iInformation from the GW and GRB data streams.

Z = FAR wFAR Al (5)

i
where FAR,,, and FAR,,; are FARs of their respective :
experiments. This statistic can be mapped to a joint . ] 1
F.AR'sin(:_e each individual FAR is drawn from a uniform EC 1000 - :
distribution < ] :

L ] 1

FAR,(Z) = A ] :

V, 1

/ T F ARyt < Z/FARy)dFARys  (6) T 100§ —— ——— :

g g = g quw L : m GWs \ 1

z Zina: g = GRBs '

= f dFAR,, + f Z/FAR,,dFAR,, (7) > 1 _ !

0 z o 104|™ Joint (temporal) 1

= Z(1+10(Zpmaz/2)) (8) € = Joint w/ sky :

= I

where Zmﬂ,r = FAR;;N'.m.rt:rFAH;;:‘!J.-N;_”;I:Af. A final co- J . EXPGCted :

incidence FFAR, with sky map information can be made 1] ™ Publish Thresh e :
by dividing by (3) similarly to (1) to get 1 -

10! 102 103 104 10° 108 107

FAR. = FAR,/In. 9) EAR® (sec)
To — P(Qte, Daw, HEw ) P(Qte, Den, Hiy) JQ
“ P(QHS) '
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But The BAT coded FoV Doesn’t Cover the Whole Sky...
~ Schedule Intelligently!

bt
(=)

Sky Dist with O4 LVK PSDs
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Coherent GW-GRB joint search

MoU between LVK + GUANO, to combine the spatio-temporal and parametric.
iInformation from the GW and GRB data streams.

Z = FAR wF AR AL (5)

I
where FAR,,, and FAR,,;, are FARs of their respective :
experiments. This statistic can be mapped to a joint . ] 1
F_AR'sinc_e each individual FAR is drawn from a uniform EC 1000 - :
distribution < ] :

T ] 1

FAR(Z) = A | :

Zmaxz I

f p(FAR WAt < Z/FAR,)dFAR,w  (6) & 100: |

o o - 8 o L ]|/ =m GWs i

z Zona = = GRBs |

= f dFAR,, + f Z/FAR,,dFAR,, (7) > 1 _ :

0 z o 104|™ Joint (temporal) 1

= Z(1 4+ 10(Zynas/2)) (8) £ = Joint w/ sky :

= 1

where Zpar = FARywmaz FAR gy mazAt. A final co- ] ® Expected !

incidence F AR, with sky map information can be made - B Publish Thresh \ :
by dividing by (3) similarly to (1) to get . {8

10! 102 103 104 10° 108 107

FAR. = FAR/Iq. (9) IEAR* (sec)
To — P(Qtc, Dow, Hew ) P(QUte, Den, Han) JQ
¢ P(QHS) |
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Put BAT FOV on GW localization region before T0O

Superevent manager

Data acquisition Source prop. DQ checks
Skymaps Coincidences
GWCelery

100 a0 0 45 21 v

Time to merger (s)

S$/N=9 S/N =13

/ / Hi; 22

e ———

B
N

—— ] - e ——

~ 80 deg.? ~ 30 deg.?

Magee et al. 2021

I
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Space-based Early Warning
Response!

Put BAT FOV on GW localization reqgion before T0

5 RW Early Warning Response Capability

—— Full Unocculted Sky

100 125
Slew Time (s)

Is this actually possible?

Pirsa: 23100105
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Yes: Command latency is now 10 seconds

X-ray and UV observations of a bright non-repeating
FRB at T0+236 seconds

ATel #16233: Aaron Tohuvavohu (U Toront

Lauriay |

- | Fa
B S vy S

on 7 Sep 2023; 13:54 UT
Credential Certification: Aaron Tohuvavohu (a.tohuvavohu@mail.utoronto.ca)
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O4 Prospects for Early Warning Response?

Not good...tech demo for future runs

102 5 10° 5

e 10! E

101 g

Detections (yr

10° 5 1072 -

Ieok 1od sjuoao Jo Joquuinu pajoadxry

Cumulative events as a fraction of total events

et T T 10—3 . I . - 102
102 10! 10° 107! 102 100 102 10%
Time before coalescence (s)

10

90% credible area ((leg2 )Magee et al. 2021
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But things start to look better in O5 And for 2.5 G detectors (Voyager/A#)

Early 2030s
—— All Detectable
10* e —— sky area <1000 deg”
4 — OMHKLV sky area <100 deg?
- OHLViw T __—=o . | = sky area <10 deg®
— # O5HLV bian = 10 3 } deg?
. O5AHLV ,igh z ‘ Sky area <1 deg
3 4 —— O5AHKLV iy, =
- — |
= 2
r— 3]
B e 105
2 10" — 5 :
A . 5
— -
[
] O
/ =l
107! — s LLLLALELS N B 111 R0 S e LA R A 10 ]
10% 10* 10! 10" 10-!
Time before merger (s)
Magee and Borhanian 2022 12 )
1

L
—600 —200 —400 —300 —200 —100 (
Time from Merger [s]

Nitz et al. 2020
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GUV' K £ $30 M Euro cost-cap
Quick ULTRA-VIOLET j; Funded for Launchl
. . & Timed for O5
KILONOVAE SURVEYOR R
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120 kg smallsat NUV band (230-340 nm) 15 minute ToO response
to target from ground

35 cm aperture FUV band (140-190 nm) trigger

1 deg?FoV 22.5 AB mag (SNR 5 in 1000s)

<2.5” PSF FWHM 3 year mission
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[a—t
—_

—4— IMX 455 (with camera window)

Absolute quantum efficiency

—4+— IMX 455 (without camera window)
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Measurement 1, (11/08/2021)
Measurement 2, post thermal tests, (27/10/2021)
Measurement 3, 200-250 nm extension, (15/05/2022)
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LUVCam: A high performance, low cost, UV camera system
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Watching Mergers Live

New data products for old space telescopes.
Novel data analysis techniques, hard calibration
Two supercomputers, millions of CPU/hours per year, burst computing on HPC
Two new command+control schemes for space telescopes

Comms infrastructure challenges, RF engineering, bureaucratic barriers
Coherent multi-messenger searches, new statistical techniques for data
combination, cross-collaboration communication+sharing
Negative Latency GW detections: faster plumbing

New space telescopes, new cameras, new technology.
Lots of passionate people

Maybe we'll pull it off?
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QUVIK Far-UV image of kilonova at 200 Mpc, TO+15 min
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Now can do imaging, but...

10° 4 -—- Log-linear fit to signal population
o Large Image Noise population — e = mapesoiess
5
o
e Rejection of uncoded counts on 2 1
detector, which contain information * 102
10~
e Neglects energy information 3 : : : T
associated with each count SNR
e Pays a mask-weighting A_ efficiency ™| S
factor

-
ul
o
o

ive area (cm?)

e Lower A__at higher energies due to
mask transmission —» Lower
sensitivity to short hard GRBs

Effect
[l
o
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=]
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o
o
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102
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Burst Alert Telescope

Coded
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(shadowgrams)

Hard X-rays (15-350 keV)

1/6 of the whole sky (~2 sr.) FoV
Localizes ~100 GRB/yr onboard
Prompt Arc-minute localization

Correlation and

FFT w/ mask by
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