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We are close to the
celebration of 20 years!!

Celebratmg 20 gears

of Swnft Dlscoverles

Mar 24-28, 2025, Florence, ltaly

https://indico.ict.inaf.it/event/3000/overview

Abstract deadline Dec 31st
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Swift hunting for GW counterparts: possible scenarios
BAT XRT/UVOT

=

\
Best case scenario: BAT triggers onboard and starts > [1. XRT and UVOT point to the position provided by BAT
the slew—> arcmin position disseminated to the astro
community 27
J
I 2., XRT/UVOT start to tile the GW+BAT localization,
Performing a subthreshold targeted BAT analysis on a possibly combined with localizations from other
significant/sub-threshold GW, we find a potential gamma detectors
counterpart: 1
» The source is in FOV, and an arcmin position is — 3. XRT/UVOT start to tile the GW area, if some criteria
lmmedlately circulated (after few hI') are met (See later)
—— 7
 The source is in/out FOV and we can produce a
localization skymap, to be combined with the GW one Scientific outcome

=
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The external GW trigger is significant, but no signal in the
sub-threshold analysis

~

Study the GW-gamma-ray delay, connection between GW intrinsic
properties (masses, spins) and the GRB prompt and afterglow, jet
- structure, KN properties, host galaxy, cosmology, tests of general relativity

In case of detection:

20N O

~

. . . In case of non-detection:
The external GW trigger is low significance, and no

signal in the sub-threshold BAT analysis —> Constraints on the EM model, performing a joint GW+EM parameter
constraints on population models for the EM L estimation Y

counterpart of a specific CBC class




Sub-threshold searches with Swift-BAT



Why to go subthreshold?
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Lowering the S/N threshold, we
increase the horizon.

The presence of a second messenger
increases the significance
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Why to go subthreshold?
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Lowering the S/N threshold, we
increase the horizon.

The presence of a second messenger
increases the significance
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Why to go subthreshold?

Deeper GW analysis targeted on the
GRB, using sky position and trigger
time
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Lowering the S/N threshold, we
increase the horizon.

The presence of a second messenger
increases the significance
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Why to go subthreshold?

Detection efficiency

0D 0.0

1.0
4 h

Joint sub-threshold searches essential to:

o discover more EM-bright GW mergers

o trigger possible EM follow-up campaigns —>
the discovery of other EM candidates could
increase even more the joint detection

significance.
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Deeper GW analysis targeted on the
GRB, using sky position and trigger
time
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How BAT Works - A coded mask imager (15 - 350 keV)

Coded
Aperture
Mask

Ay eeny  Graded-Z
‘ Shield

Optical
Bench

Module
Control Box

Power

Radiat
g Supply Box

BAT Detector Array

Incoming light

'Coded aperture mask

__ Detector plane

Aperture Mask is 50% open and consists of
~50,000 lead tiles in a random pattern

e BAT - large field of view (FOV) ~ 2sr —> ~ 1/6 of the sky

e Creates an image on board whenever there is a rate excess

e Can instruct the satellite to re-point promptly in ~ 1 min and detect

afterglow

e Creates detector plane images that can be used to generate sky images, mask
weighted and background subtracted light curves and also spectra

e BAT imaging - computationally cheap algorithm

* Mask weighted coded aperture imaging (onboard algorithm) — rejects
photons that do not pass through the mask

4 )

We are not sensitive to signals
outside the FOV

Shadow pattern—

. J

Drawbacks

~

.

Signals during slew do not
produce triggers onboard

~

J

~
Limited downlink bandpass

—> possible to perform
subthreshold searches only

-

upon request to the spacecraft
\_ J




GUANO - Gamma-ray Urgent Archiver for Novel Opportunities

Tohuvavohu+2020

Time tagged event (TTE) data normally only available around onboard

triggered GRBs

GUANO allows for TTE data to be available on command

> 90 - 200 s of data around time of interest

Command needs to be prompt (<20 minutes)

- Event buffer lasts ~30 minutes

The EcholLocation Queue

Submit Trigger

Op Stats Documentation

Team

The Echo-Location: aka the BAT Targeted Search Portal

This web application hosts and manages live, autonomous, analyses of BAT data in the form of targeted searches around times provided by other
instruments, with the goal of (echo)locating an associated gamma-ray transient.
All information on this site is preliminary and is provided to the broader community on a best effort basis to aid time-critical decision making.

The analyses hosted on this site rely on the GUANO autonomous spacecraft commanding pipeline (Tohuvavohu, Kennea, et al. 2020) and the NITRATES
likelihood analysis (DeLaunay and Tohuvavohu, 2022). Please cite these papers if you use information hosted here.

Contact Aaron Tohuvavohu with questions or requests.

It is strongly recommended that you read the documentation before using any information provided here.

Type anything: the event date, name, or triggering instrument, to search...

Click on a Trigger to see its targeted search report.

Triggering
Trigger ID  Attention DateTime Instrument Event Name Analysis Status
° [ J
Dumplng data for GRBS, GWS, NeutranS, FRBs 741740509 2024-07-03 Fermi/GBM Fermi 741740481 Waiting for: ['n_FULLRATE', 'n_SPLITRATE',
23:01:16.210000 'n_OUTFOV', 'n_INFOV']
. . 741734280 2024-07-03 CHIME CHIME F394018406 Waiting for: ['n_FULLRATE', 'n_SPLITRATE,
See https://www.swift.psu.edu/guano/ for triggers to GUANO 21:17:27.042251 'n OUTFOV, " INFOV
741722564 2024-07-03 INTEGRAL/IBIS INTEGRAL 10784 Complete
S h / / . f d f 1 . 1 18:02:10.670000
ce ttpS 1 guanO'SWI t'psu'e u for real-time results 741667955 2024-07-03 INTEGRAL/IBIS INTEGRAL 10783 Waiting for: ['n_FULLRATE', 'n_SPLITRATE',
02:52:01.400000 'n_OUTFOV', 'n_INFOV']
741655228 2024-07-02 Fermi/GBM Fermi 741655199 Complete
. - | 23:19:54.400000
The EcholLocation Queue Submit Trigger Op Stats Documentation Team samuele ~
2024-07-02 Fermi/GBM Fermi 741647695 Waiting for: ['n_OUTFOV', 'n_INFOV']
. . . 21:14:50.830000
The BAT-GUANO team, mining for white gold.
2024-07-02 CHIME CHIME F393801730 Waiting for: ['n_FULLRATE', 'n_SPLITRATE',
16:54:19.409362 'n_OUTFOV', 'n_INFOV']
2024-07-01 IGWN S240701bg Complete
19:33:11.503000
2024-07-01 Fermi/GBM Fermi 741533462 Waiting for: ['n_FULLRATE', 'n_SPLITRATE',
13:30:57.800000 'n_OUTFOV', 'n_INFOV']
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https://www.swift.psu.edu/guano/
https://guano.swift.psu.edu

NITRATES: Non Imaging Transient Reconstruction and TEmporal Search

DeLaunay + Tohuvavohu 2022

e likelihood-based approach to BAT analysis that forward
models different signals through the entire instrument response
e has the advantage of fully exploiting the spectral and timing
content of the time-tagged event data

e Uses also photons not coming through the coded mask

~

Doubling the effective area at the cost of a drastic
increase of computational time —> ~200 CPU hrs per
trigger

~

U

a full-sky (minus Earth)

gamma-ray monitor

)

- J
€ R
Realtime analysis performed 24/7 on

- PSU ROAR cluster

- NASA NCCS cluster

- Y

g R S
NITRATES makes BAT Essential to recover sub-threshold

EM signals in Swift-BAT in
temporal and spatial coincidence

A non-imaging analysis improves significantly the
effective area and extends the sensitivity of BAT

from 15-150 keV to 15-350 keV

= On Boresight

=== 45° off

B Non-Imaging
Imaging

2500 A
2000 A
9 1500 -
2
i 1000 A
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10t 102

with GW event >

Quick facts:

« more than 100 GRBs recovered with NITRATES so far,
40 of which are short GRB

» 44 with arcmin position

« In ~ half of them the afterglow emission was detected
thanks to GUANO+NITRATES




Workflow

Data Latency

External trigger: info

120
on trigger time and Few sec > Data downlink Few hr
2 sky position Spacecraft
80
l § 60
Mosaic analysis BAT slewing? . *
during slew < Data processing ~ 1 hr 2

| 0

l Hours

7
= Arcmin localization . .
e provided < P(IN/OUT FoV) NITRATES analysis 30 min - 2hr search Latency
c% IN
Ll
IN/OUT ?
l , :
SKYMAP No S|gr_1|f|cant
candidate

Hours

Y

Multi-wavelength
» follow up, search of
host galaxy, redshift

Location promptly
circulated via GCN
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GW targeted analyses with Swift-BAT: O3

636 GW triggers analysed, selecting all those with

FAR< 2/day
Both CBC + Burst classes

12 GW triggers with p_astro>o0.5

78 GW triggers confirmed by offline analysis with

p_astro<o.5

_5.8- e Low-latency events

m Catalog events with pastro < 0.5
* Catalog events with pasiro > 0.5
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Raman+2024

temporal bin = 1.024 s, spectrum = normal
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eps_InBAT > 30%
\_

During O4 upper limits maps are publicly released via GCN for GW
triggers labelled as ‘SIGNIFICANT’, with eps_earth < 50% and

~
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Constraints on the BBH population

Raman+2024

Pastro
1.We carry out a population analysis, considering a single CBC /_\
population L; = (1 — 7T7;) + T; [E@ + (1 — 6@)Pfi(§b < ¢O,z’)]
P(L) — (1 — f)é(L — O) + fH(L) : — All catalog events
Catalog events with pagiro > 0.5
2. Focus on BBH mergers, assuming 0.0 ‘\ S0 ] Ho
o——~\|
\
I1(L) = §(L — Lo) —0.5- R ",
\ .
\
. . — 1 . O i |\
Simulation setup: . h 10.6Q
S~ ) -
W ider all the BBHs with a FAR<2/d =15 W 0% ~
e consider all the s with a ay gd —1. ! ~— i
< \ ~
« For each GW candidate, we simulate the observed flux in the 1 0.4
BAT energy band, considering the GW posterior distribution —2.0- ]
of the luminosity distance \“\
_ VY (0.2
« The simulation takes into account the GW pastro and the —2.5 \\\\
possibility that the source is behind the Earth wrt Swift \\\
N\
—30 o 0.0

A6 47 48 49 50 51 52 53
logp| Lo(erg s_l)]




GW 230529: upper limits from Swift and Fermi

Ronchini+2024

1. First CBC with a component in the mass gap 3-5 Mo

Even if the uncertainty in sky localization is huge,
100 % of the sky covered by Swift+Fermi at
the merger time

2. NSBH with lowest mass ratio so far —> relatively
high chance to have a remnant mass>0

3. Potentially EM-bright

Fermi- GBM+SW1ft BAT Get to know f e
G W 2 3 0 5 2 9 . ~ 650 million light years away ,3
| | 6
30° 30° Full name GW230529_181500 Detectors Offline OR not operational
v~ Online BUT not used for analysis*

~scovered on 29 ¢ H ‘ V 'K ® Online AND used for analysis

l 0° N May 2023 at 18115 IS

205° 18P " 45° ()° : .
R most likely a merger between a Primary object in lower mass gap

300 Neutron Star & Black Hole (NSBH) further supports that this region is not empty

a ()

n...’",u

~1.4 Mg ~3.6 M, Mass (M,) y

Most symmetric NSBH event so far

more likely than prior GW NSBHSs to have the neutron star * Although the KAGRA detector was in observing mode, its sensitivity
ripped apart by the black hole was insufficient to impact the analysis of GW230529

—795 —7.00 —6.75 —6.50 —6.25 —6.00 —5.75
log,0[15-350 keV flux upper limit (erg cm ™2 s71)]




GW 230529: upper limits from Swift and Fermi

Ronchini+2024

PND(G—: 9’0) —

Constraints with different assumptions on the jet structure

/ P(F < UL(Q)) Pew (2, Dy|6,)dQ%dDy,

Top-hat Top-hat + isotropic (Gaussian
54 54
We can exclude at 90% -, -,
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Lo>~10"49 erg/s 0
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Connection between accreted mass and luminosity

n <1, Myee < 0.052Ms

Lb:n

log[ Lo(erg/s)]

Macccz

tCLCC

0.024

—0.016

P Uogm(??

0.00&

0.000

Mass priors

FOS

P(My, Ms) — P(Mge.)

—— H4, t,. = 1s

H4, t,.. = 0.1s
DD2, t .. = 1s
DD2, t,.c. = 0.1s
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Yes, we finally have NITRATES sky localization maps!

IN/OUT FOV

90% area = 1285.69 deg?
50% area = 187.88 deg?
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Yes, we finally have NITRATES sky localization maps!

IN/OUT FOV X Real position OUT FOV
—— 90 % credible region
90% area = 1285.69 deg? 90% area = 210.87 deg?
50% area = 187.88 deg? 50% area = 64.21 deg?
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Yes, we finally have NITRATES sky localization maps!

IN/OUT FOV X Real position OUT FOV
—— 90 % credible region
90% area = 1285.69 deg? 90% area = 210.87 deg?
50% area = 187.88 deg? 50% area = 64.21 deg?

30°

270° 225° 180° 135° 90° 45° °

Lowering the
90% area = 7452.76 deg? 5 90% area = 1370.83 deg?

50% area = 1122.15 deg? GRB flux 50% area = 334.67 deg?

.

270° 225° 180° 135° 0° °




The weird case of Dr. S241125n (BBH)
and Mr. 754189311 (y-ray candidate)

event ID: S241125n
50% area: 661 deg®
90% area: 2,196 deg®

—— - ' 600

Iy

30° \. 30°
Oo " ':! Oo
| | | | | | | "
21" 18" 15 12" gn 6" 3" 9“
-30° ° / 300

60° 80

0.256 s bins, GW 5241125n

100 - 84% of the sky localization probability is inside 5 arcmin around
_ the BAT best position (blue star). The remaining 16% is spread
% 14007 around the sky
m 1350 .
% 1300 Lo Pﬂ”ﬂﬂuﬂ&ﬂ rﬂﬂu ﬁ " HJIL 1, ‘ﬂL P L /\H!Mﬂ HJMJ - 11 secs between the GW and the y-ray candidate
S masof fof 4L R N . e ) .
5 - The BAT position is at the 74% credible level of the GW skymap
1200
== | | | | - The BAT candidate has a FAR = 1/44 min
-10 -5 0 5 10 15 20

t - trig_time (s) - The GW candidate has a FAR = 1/33 yr
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The weird case of Dr. S241125n (BBH)
and Mr. 754189311 (y-ray candidate)
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event ID: S241125n
50% area: 661 deg®
90% area: 2,196 deg®
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ue star). The remaining 16% is spread

11 secs between the GW and the y-ray candidate

- | - The BAT position is at the 74% credible level of the GW skymap
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t - trig_time (s)
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- The BAT candidate has a FAR = 1/44 min
-  The GW candidate has a FAR = 1/33 yr
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The weird case of Dr. S241125n (BBH)
and Mr. 754189311 (y-ray candidate)

How likely is to obtain such an association by chance?

1/6yr 1/50 yr 1/200 yr Negligible
True GW - True y,
True GW - Falsey > False GW-Falsey > but not from the > False GW - True y
same source
At At At
Rew x FARy x — Z (1+In(Zmax/2)) /10 Raw x Ry x —— FARGw x Ry x —
0 0 0

Io = /]?GW(Q)Z?W(Q)CZQ Z = FARcw FAR, At R, ~ 1/day Row ~ 2/week



The weird case of Dr. S241125n (BBH)
and Mr. 754189311 (y-ray candidate)

How likely is to obtain such an association by chance?

1/6yr 1/50 yr 1/200 yr Negligible
True GW - True y,
True GW - Falsey > False GW-Falsey > but not from the > False GW - True y
same source
At At At
RGWXFARWX[_ Z(l_l_ln(ZmaX/Z))/[Q RGWfoyXI— FARGWXR’VXI_
0 0 0

Io = /pGW(Q)pv(SDdQ Z = FARqw AR, At R, ~ 1/day Rew ~ 2/week

1styr 2ndyr

gy 2y 2% 2% &y &Y




weifd case of Dr. S241125n (BBH)
and Mr. 754189311 (y-ray candidate)

How likely is to obtain such an association by chance?

1/6yr 1/50 yr 1/200 yr Negligible
True GW - True y,
True GW - Falsey > False GW-Falsey > but not from the > False GW - True y
same source
At At At
RGWXFARWX[_ Z(l_l_ln(ZmaX/Z))/[Q RGWfoyXI— FARGWXR’VXI_
0 0 0

Io = /pGW(Q)pv(SDdQ Z = FARqw AR, At R, ~ 1/day Rew ~ 2/week

1styr 2ndyr
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Follow up with Swift XRT/UVOT



XRT/UVOT follow-up

GW190814

To decide when to follow-up we consider:

« GW significance in terms of FAR

 Probability of being EM bright
Piisrupt = P(HasRemnant) x (1 — P(Terr))

 Sky localization

e Distance

_ MAX FAR| MAX DISTANCE MAX 90% AREA
P_disrupt =0 1/10 yr / 30 deg?

G ETTTO R RN 1/90 days 150 Mpc 300 deg?
S BTGV &V 1/90 days 400 Mpc 300 deg?

The ordering and selection of fields to observe is done
performing a convolution of the GW sky map with galaxy
catalogs

L
Pgal,p — PGW,pCpNZ (p(g‘Pp(D))_g)
8

Preference given to the fields with more luminous
galaxies




XRT/UVOT follow-up

GW190814

To decide when to follow-up we consider:

« GW significance in terms of FAR

 Probability of being EM bright
Piisrupt = P(HasRemnant) x (1 — P(Terr))

 Sky localization

e Distance

_ MAX FAR| MAX DISTANCE MAX 90% AREA
P_disrupt =0 1/10 yr / 30 deg?

G ETTTO R RN 1/90 days 150 Mpc 300 deg?
S BTGV &V 1/90 days 400 Mpc 300 deg?

The ordering and selection of fields to observe is done
performing a convolution of the GW sky map with galaxy
catalogs

L
Pgal,p — PGW,pCpNZ (?(g|Pp(D))—g)
8

Preference given to the fields with more luminous
galaxies
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XRT/UVOT follow-up: performances during O3-0O4
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Virgo offline for most of
the time —> only 6 GW
followed up so far due to
large sky areas

During O4, only
S240422ed possibly
EM bright, but then
down-ranked by LVK

More than 50% of the
area of the well
localized events (~ 10
deg”2) can be covered
within 24 hr from the
GW trigger



Swift responding to pre-merger GW alerts

Concept: GW skymaps can be Tohuvavohu+24
available up to 30-60 s pre-merger
(very loud nearby NS merger) —>

quickly re-orient Swift to have
the GW in FOV

GW1001478310 @ T0-73.7241 s GW1001478310 @ TO (Optimal)

Now feasible thanks to the extremely
low-latency response given by the
continuous commanding

Oo

Around 3 sec of latency between
the notice reaching MOC and Swift
starting slew

Fraction in BAT FOV

—— 29H . .
35 Hi o - On average, slewing asap is always the best strategy (even
0579 ___ 3314 ' if sometimes BAT can point in the wrong direction)
.50 - Uptoafactor 2 increase in the chance to have the GW
0.4 - S in BAT FOV
-20< - Dominant source of latency from the LVK side (can be
0.3 - _Il_ Future GW Detectors % improved!)
— ©
152 _  Everything ready to be tested in realtime (using GBM GRBs as
0.2 - }——ﬁ- triggers) and to be implemented for O4 and O5
—— 1.0 : :
- Pioneering concept for the 3G GW detectors (ET and CE)
0.1 | | | | | | where early warning alerts will happen routinely
20 40 60 80 100 120 140

Seconds Prior to Merger



Summary

- Swift-BAT/GUANO essential to perform subthreshold searches targeted on GWs
- NITRATES pipeline running 24/7 increases the joint detection horizon

- Now NITRATES sky localization maps are available and calibrated —> crucial to assess the
significance of joint GW-gamma associations

- Even in the case of non-detection, e.g. GW230529, we are able to infer strong constraints on the jet
luminosity and opening angle, once the flux-upper limits are combined with the GW parameter
estimation

- Swift XRT/UVOT tiling follow-up now optimized for the search of KN

- Ready to re-point Swift in extremely low-latency in response to Early Warning pre-merger alerts
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Swift is still successtul ...

Yearly Refereed Publications
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Cumulative fraction
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XRT/UVOT follow-up: future improvements

150 Mpc = measured D; < 300 Mpc

100 -

1 = 120s
1 =1 250s
] = 500s

1000 s

1073

1.0 0.8

150 deg? < 90% error area < 300 deg?

0.6 0.4
Detection probability

0.2

0.0

| £33 1205
| = 250
| 1 500s

1.0 0.8

0.6 0.4
Detection probability

0.2

0.0

Eyles-Ferris+2024

Swift follow-up strategy currently optimized to

maximize the chance to detect the KN component

with UVOT

Simulating BNS mergers and relative KN emission,
we can determine the optimal follow-up strategy

as a function of the GW distance and sky

localization
" Fraction of sources with detection probability > 50 %, for )
different time exposures
Measured D;
0% error arca 0 - 150 Mpc 150 -300 Mpc 300 - 500 Mpc

0 - 150 deg? 0.43/0.42/039 0.31/0.23/0.18 0.09/0.11/0.07

150 - 300 deg? 0.17/0.50/0.25 0.26/0.14/0.11 0.07/0.07/0.06

300 - 500 deg? 0.50/0.38/0.25 0.08/0.03/0.01 0.02/0.09/0.09

500 - 1000 deg? 0.25/0.25/0.25 0.11/0.14/0.07 0.02/0.02/0.02
L 120s/250s/500s Y.




AQqo(deg?)

Localizing the next GW counterpart with NITRATES

Example of a sub-threshold short
GRB analyzed by NITRATES —> the
high probability peaks (cumulative

90% localization) can be covered
with 8 XRT fields

102é
10" - A (@ InFov )
: @
10° E ) “ ® ®
> C arcmin localized )
10_1 : ... /
10-2 - ———

DelLaunay+, in prep.
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Probability-probability plot

90% area = 1370.83 deg?
50% area = 334.67 deg?
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What if we combine with the GW map?

Simulation performed injecting BNS mergers in
the same sky location of GRBs already analyzed by

NITRATES:

- Assuming O4 sensitivity for Hi-L1-V1

- Considering 3 GW detectors online —>
improvement even better if less detectors are online

- The plot on the right excludes all the cases where the
burst is localized by NITRATES to a single position

Example of joint GW+NITRATES map

90% joint area = 79.52 deg?
50% joint area = 21.40 deg?

— 90% GW level
— 90% GW+NITRATES level

==
30°

0° ! |
315° 270° 225° 181)°

-30°

.

Ny

135°

CDF

Average improvement obtained combining

GW+NITRATES skymaps
1.0 — out Fov (—
in FOV |
0.8 -
0.6 -
0.4 -
0.2 -
0.0 -
-5 4 3 2 1 0

10910(AQ00, joint/AQg0, 1)




What if we combine with the GW map?

Simulation performed injecting BNS mergers in
the same sky location of GRBs already analyzed by
NITRATES:

Joint PP plot
- Assuming O4 sensitivity for Hi-L1-V1

- Considering 3 GW detectors online —>
improvement even better if less detectors are online

- The plot on the right excludes all the cases where the
burst is localized by NITRATES to a single position

CDF

Example of joint GW+NITRATES map

90% joint area = 79.52 deg? — 90% GW level
50% joint area = 21.40 deg? —— 90% GW+NITRATES level
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