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The dawn of Multimessenger Astronomy

Multimessenger Astronomy: the exploration of the Universe through combining information from a multitude of
cosmic messengers: electromagnetic radiation, gravitational waves, neutrinos and cosmic rays
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The dawn of Multimessenger Astronomy

Highlight #1: First merger of two Neutron-stars
How: Gravitational waves + optical + X-rays
Where: Nature 551 (2017), Science 358 (2017),
Astrophys.J. 848 (2017), MNRAS 481 (2018)
Who: ~3000 astronomers / 70 observatories
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Highlight #2: First source of high energy neutrinos
How: Neutrinos + gamma-rays

Where:
Who: ~1000 astronomers / 16 observatories

Science 361 (2018), Astrophys.J.Lett. 863 (2018)
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Conventional astronomy

Follow up
>
Analyses Data release / data base Observatory

Time scale > days; # Supernovae ~100



Realtime astronomy

Merge data access and fast analyses
>
Analyses Data release / data base Robotic Observatory

Time scale ~ minutes; # Supernovae >> 1000



The Zwicky Transient Facility Experience... ICKY
Combining a public wide-field survey with robotic spectroscopic follow-up TRANSIENT

FACILITY

Palomar Observatory
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Transient detections with ZTF and AMPEL

>80 exposures/h

20 detections/s 47 deg? each

DiRAC ¥

~2 Mbps ~350 Mbps
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- U. Washington, Seattle CalTech, Los Angeles ZTF (Mt. Palomar, California)
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=Ry 3=4)"}, {"type": “long", "name”: “pid*, "doc™: “Processing ID for science image to facilitate archive retrieval"}, {"type*: ["float
ffaaglin®, “default": null, "doc": “Expected S-sigma mag Limit in difference inage based on global noise estimate [mag)"), {“type": ["s
¢ “pdiffinfilenane®, “default": null, “doc": “filename of positive (sci minus ref) difference image"}, {“type": [“string®, "mull*], "na
ult": null, "doc": "Principal investigator attached to program 10"}, {"type": “int", “name": “programid", “doc": "Program ID: encodes e

r caltech mode"}, {"type": "long", “name": "candid", "doc": "Candidate 10 from operations 08"}, {"type": “string", “name": "isdiffpos",
idate is from positive (sci IIMS'I'Q” suotramon;'( or & = candidate is from negative (ref minus sci) subtraction"}, {“type": [“long Refe rence Su btraCtlon

Lid", "default™: mull, "doc": "Internal pipeline table extraction I0°}, {"type": [“int", “mull"], “name": "nid", “default®: mull, “doc*
["int", "null"], “name": "rcid®, “default": null, “doc": "Readout channel I0 (00 .. 63)"}, {"type": ["int", "mull*], “name": “field",
“ZTF field 10"}, {"type": (“float", "null"], "name™: “xpos", “default": null, "doc": “x-image position of candidate [pixels)*}, {“type
nane": "ypos", “default": null, “doc": “y-image position of candidate [pixels)"}, {"type": “double”, “name": "ra", “doc": "Right Ascens
(deg]"}, {“type": "double", "name": “dec*, "doc™: "Declination of candidate; 2000 [deg]"}, {“type": "float", “name": “magpsf", “doc":
t photometry [mag)*}, {“type®: “float", “name": “signapsf®, "doc*: "1-signa uncertainty in magpsf [mag]"}, {“type": [“float", "mll*],
ult": null, "doc": “Reduced chi-square for PSF-fit"}, {"type": ["float", "null"], “name": "magap", "default": mull, “doc": “Aperture ma
er aperture [mag]"}, {“type": [“float", "null"], “name": “sigmagap”, "default": mull, "doc": "1-sigma uncertainty in magap [mag)*}, {"t
, "name”: "distnr®, "default™: null, “doc*: “"distance to nearest source in reference inage PSF-catalog [pixels)®}, {"type*: [*float®, *
, “default": null, “doc": "magnitude of nearest source in reference image PSF-catalog [mag)™}, {“type*: ["float®, "null"], “name®: “sig
, "doc": "1-signa uncertainty in magnr [mag)"}, {"type": [*float", "null"], "name": “"chinr", "default™: mull, "doc": "DADPhot chi paras
in reference image PSF-catalog"}, {“type": [“float", "null®], “name": “"sharpnr®, “default": null, “doc": “DAOPhot sharp parameter of ne
ce inage PSF-catalog"}, {“type": [(“float", "null"], “name": “sky", "default": null, “"doc": "Local sky background estimate [N]"}, {*typ
“nane": “nagdiff", “default": null, "doc": "Difference: magap - magpsf [mag]"}, {“type": ["float", "mull"], “name": "fwha®", “default":
h Half Max assuming a Gaussian core, from SExtractor [pixels]}, {"type®: ["float®, "null"], "name™: “classtar", “default™: mull, “doc*
cation score from SExtractor®}, {"type®: [“float®, "null"], "name": “mindtoedge", “default": null, "doc": "Distance to nearest edge in
e": ["float", "null"], "name": "magfromlin", "default": null, "doc": "Difference: diffmaglin - magap [mag]"}, {“type": ["float", "mull"
“default®: null, "doc*: "Ratio: difffwhe / fuhe"}, {“type": [ float", "null"], “nase’ P, & s null, “doc™: *Windowed prof

"1 "aimage”, "default":
is from SExtractor [pixels)"}, {“type": (*float", "null"], “name": “bimage", 'derault“ null, "doc": "Windoved profile R¥S afloat minor
pixels]"}, {"type": [*float", "null"], “name": “aimagerat", "default": null, “doc*: "Ratio: aimage / fwha"}, {"type": ["float", “null")
"default®: null, “doc": "Ratio: bimage / fwha"}, {"type": ["float", "null"], "name": "elong®, "default": null, “doc™: "Ratio: aimage /
t*, "null"], "name": "nneg", "default": null, "doc": "nusber of negative pixels in a 5 x 5 pixel stamp"}, {“type": [“int", “mull"], "na
null, “doc*: "number of prior-tagged bad pixels in a 5 x 5 pixel stasp™}, {"type": [*float", "null"], "name": *rb", “default": null, *
y score; range is @ to 1 where closer to 1 is more reliable"}, {“type": ["float", "null"], “name": “ssdistnr®, “default": null, “doc": . 0
own solar system object if exists within 30 arcsec [arcsec]"}, {"type": ["float", “null"], “name": "ssmagnr”, "default*: mull, “doc*: * .
own solar system object if exists within 30 arcsec (usually V-band from NPC archive) [mag]"}, {“type": ["string®, "null"), "name": "ssn ~ 1 05 eve ntS/n Ig ht 1 O A) Of LS ST
, "doc": "name of nearest known solar system object if exists within 30 arcsec (from NPC archive)"}, {"type": [*float", "null"], "name" )
nll, “doc": “Ratio: sun(pixels) / sum(|pixels|) in a 5 x 5 pixel stamp where stamp is first median-filtered to mitigate outliers"), {*
], "nane": “magapbig", "default": mull, “doc": “"Aperture mag using 18 pixel diameter aperture [mag]"}, {“type": ["float", "mull*], “nam
alt": null, "doc": "1-signa uncertainty in magapbig (mag)®}, {"type": “double", “name": “ranr", "doc*: "Right Ascension of mearest sou
PSF-catalog; J2000 [deg)"}, {"type": "double”, "name": “decnr*, “doc™: "Declination of mearest source in reference image PSF-catalog; )
(*float", "null"], "name": “somagl", “default": null, "doc": “g-band PSF-fit magnitude of closest source from PS1 catalog; if exists wi
{"type": ["float", "null"], "name": "srmagl®, "default": null, “doc™: “"r-band PSF-fit magnitude of closest source from PS1 catalog; if
¢ [mag]"}, {"type": (“float", "null"], "name": "simagl", “default": null, “doc*: *i-band PSF-fit magnitude of closest source from PS1 ¢
n 30 arcsec [magl"}, {"type": (*float", "null"l, "nane": “szmagl”, “default": null, “doc": “z-band PSF-fit magnitude of closest source
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Transient detections with ZTF and AMPEL

20 detections/s - 47 deg? each
—DiIRAC " ' ' :
~2 Mbps l pa c ~350 Mbps
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WORKING GROUP

SN detections with ZTF and AMPEL e PN

Our “Lumi”

Automatic identification of supernova candidates and
insertion to transient name server (TNS)

TNS SN reports from Dec 2018 to Dec 2020
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SN detections with ZTF and AMPEL
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SN detections with ZTF and AMPEL

Fully automated rapid reaction spectroscopic follow-up and classification

Autonomously discovered 5h after explosion
followed by first ever automatically triggered,
observed and reduced spectrum.
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Neutrino-Optical coincidences

IceCube-191001A: 217 TeV

TITLE: GCN CIRCULAR

NUMBER: 25913

SUBJECT: IceCube-191001A - IceCube observation of a high-energy neutrino
candidate event

DATE: 19/10/01 23:16:38 GMT

FROM: Robert Stein at DESY <robert.stein@desy.de>

me et Candidate Counterparts to lceCube-191001A with ZTF

on 19/10

}b‘igzhi’r‘;ﬁ ATel #13160; Robert Stein (DESY), Anna Franckowiak (DESY), Jannis Necker

nZutrino (DESY), Suvi Gezari (UMd), Sjoert van Velzen (UMd/NYU)

alarm rat] on2 Oct 2019; 22:00 UT
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Tidal Disruption Events in coincidence
with IceCube neutrinos @ 3.5 sigma

Stein et al., Nature Astro. 2021, S. Reusch et al, PRL 2022
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GW follow-up

Serendipitous search instead of triggered for large areas

NS

GW190425z 1 per 69000yrs 7461sq deg 156 +/- 41 Mpc B
GW190426¢ 1 per 1.6 yrs 1131 sq deg 377 +/- 100 Mpc NSBH
GW190510g 1 per 3.6 yrs 1166 sq deg 227 +/- 92 Mpc  BNS
GW190814bv 1 per 10725 yrs 23 sq deg 267 +/- 52 Mpc  NSBH
GW190901ap 1 per4.5yrs 14753 sq deg 241 +/- 79 Mpc  BNS
GW190910d 1 per 8.5yrs 2482 sq deg 632 +/- 186 Mpc NSBH
GW190910h 1 per 0.9 yrs 24264 sq deg 230 +/- 88 Mpc  BNS
GW190923y 1 per 0.67 yrs 2107 sq deg 438 +/- 133 Mpc NSBH
GW190930t 1 per2.0yrs 24220sq deg 108 +/- 38 Mpc  NSBH
GW191205ah 1 per 2.5yrs 6378 sq deg 385 +/- 164 Mpc NSBH
GW191213g 1 per 0.89 yrs 4480 sq deg 201 +/- 81 Mpc  BNS
GW200105ae NA 7373 sq deg 283 +/- 74 Mpc  NSBH
GW200115j 1 per 1513 yrs 677 sq deg 332 +/- 78 Mpc  NSBH
GW200213t 1 per 1.8 yrs 2326 sq deg 201 +/- 80 Mpc  BNS

$190910d
—— $§190910h

| APC 4 | 11 November 2020

Effective, prompt and
comprehensive searches are
now being done even for
1000s of square degree
localizations. Software
(AMPEL!) is key.

~20 GCNs posted on follow-up of ZTF candidates.
Coughlin et. al. Astrophys.J.Lett. 885 (2019) 1, L19, https://arxiv.org/
abs/1907.12645

Kasliwal, Astrophys.J. 905 (2020) 2, 145, https://arxiv.org/abs/

2006.11306

—— S190923y
$190930t
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Conclusion

« Multimessenger astronomy has recently delivered
spectacular breakthroughs, e.g. the first detection of
counterparts of GWs and (likely) cosmic neutrinos

« We are implementing new ways of automatization and
connections between observatories, enabling optimal
exploitation of resources e ®

of neutrinos

natureastronomy = ¥ ¢

« Upcoming observatories, such as LSST and lceCube-
Gen2, will increase the data rates further by an order of
magnitude

* The French (FINK) and German (AMPEL) broker teams
are working together to harness the data streams.
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