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improve the chances of detection. These include detector

hardware improvements, the continued development of reliable ]

core-collapse simulations, the inclusion of progenitor proper-

ties as inputs to detection algorithms, and the use of optical data

for the purpose of pinpointing the location and distance, as well tha range ‘

as for minimizing the GW search windo{@SW). Here, we '

speci cally focus on the latter point. Estimating the GSW

depends on two stepé) determining the time delay between

core collapse and the start of optical emisgahock breakout;

SBO), Atee  tspoS teq and(ii) determining the time of SBO, GSW

tsgo, using available optical data. We explore several | _; _ o tas

approaches for the latter, and use the results of numerical ggp-0.  0sso + 0o

simulations for the forme(Barker et al.2021). By way of -

example, we apply our methodology to Type Il SNe that N I

occurred during LIGOVirgo Observing Run 3, with the | @ T

speci ¢ requirements ofi) a distance of 20 Mpc (to have a tec tsBo trg

nonzero GW detection efiency); and (ii) suf cient optical

data to constrain the GSW tovyeek in(ozder to impro?/e the W \NS_BO/

search sensitivity and statistical cdence relative to an EOM

unconstrained seard\badie et al.201Q Lynch & LIGO/

Virgo Collaboration2018 Abbott et al.2019. Two CCSNe : |

that match these requiremetdase SN 2019fcn and SN 2019ej;. preessanes —Atse = 15hrs—
The paper is organized as follows. In Sectpnve present toa?

the two CCSNe and our analysis of their available photometry

and spectroscopy. In Secti@nwe brie y review the existing This paper

methodology of calculating the GSW as used by the LIGO . 1 | . |

Virgo Collaboration(LVC). In Section4, we introduce four : A Atsso— |

new methodologies to more robustly estimate the time of SBO

from the SN data, and we use theoretical models to estimate the

delay between core coIIapse and SBO. In Se&jave present Figyre 1. Top: a schematic vigw o_f how to calcula_te the _G@ellow shaded

the resuls of these methodologies as applied to the two CCSNEES®D) o superious omcllgnt e ponis Hiker et s201),

considered here. We discuss the implications of these results igeterminetsso, and then use theoretical estimates to detertginiliddle: the

Section6 and conclude in Section EOM approach adopted ByVC20 uses the rst optical detectiorftig) and
previous nondetectiorfincluding a xed SBO timescalet,4S 15 hp to
determine the GSW. Depending on the details of the optical data, the EOM

2. Discovery and Observations of SN 2019ejj and may actually mis&,.. Bottom: our approach avoids the pitfalls of the EOM by
SN 2019fcn not strictly depending on speci data points, but instead considers the rising
part or the full optical light curve to directlyt for Atsgo For At.., we use a

SN 2019ejj was discovered by the Asteroid Terrestrial- much wider range of possible values to account for progenitor uncertainties.
impact Last Alert System on 2019 May 2.26 (PB58605.76;
Nicholl et al. 2019 and classied as a Type Il SN by the We treat this earlier observation as the discovery in the
extended Public ESO Spectroscopic Survey for Transientfollowing analysis.
Objects(ePESSTQwith a spectrum taken on 2019 May 2.98  We subtractedBVgri reference images, also taken with a
(Nicholl et al.20198. SN 2019fcn was discovered by the All-  Sinistro camera, on 2020 March 8, after both SNe had faded,
Sky Automated Survey for Supernovae on 2019 May 5.96 from the earlier observations using PyZOG®uevel &
(Stanek et akR019 and classied as a Type Il SN by ePESSTO  Hosseinzadel2017), a Python implementation of the image
with a spectrum taken on 2019 May 14.3458612.46;  subtraction algorithm of Zackay et #2016. We extracted
Nicholl et a|20193 BOth of these SNe eXp|0ded within a feW point-spread function photometry usingcogtsnpipe
days of each other in the same galaxy, ESO 430-G 020, which/glenti et al.2016, and calibrated the photometry relative
has a TullyFisher distance of 15.7 Mpc (Theureau et al. {5 the Pan-STARRS LiZatalog(Chambers et aR016. ForB

2007). . :
Both SNe 2019ejj and 2019fcn were observed intB&gri iggt\o/h \(/;%Otraansformed the catalog magnitudes according to

Iters with the Las Cumbres Observatasrglobal network of
1 m telescopes, equipped with Sinistro camemewn et al.
é?wlgélg?c npfér)z ploof dégei nﬁ'ﬁgi{ al?]lépgg?g)\(/? azr(geNC;ofge é?uvsvgthe extinction law of Cardelli et g11989. We note that there is
serendipitously observed SN 2019fch on 2019 May 5 Oé atrelatively high Galactic extinction in the direction of ESO 430-

; : G 020, withA, = 1.22 mag. This, combined with the galéxy
21.7 hr(2458611.5Y, before it was discovered by ASAS-SN. LTV =0 ; .
( 7 y low redshift, makes it difcult to discern whether either of these

5 There were ve additional CCSNe within 20-32 Mpc: SN2019hsWType SNe suffer from additional host galaxy extinction. Our spectra
II; Stanek2019, SN2019ehkType Ib; GrzegorzeR019, SN2019gaiType of SN 2019fcn show very strongW, 0.29 nn) NaiD
gﬁzgg‘gﬂ’?& ot al-2019. 5”5058;‘8’ (Type II: Forster et 812029, and  absorption az= 0. This is beyond the regime where equivalent
oI( I'ype IcC; Forster et al . Rnowever, e an [o]] . . . . " .
were Type | CCSNe, and for the rest we had ineigint early-time data, which width correlates with dust extinction. Given the large Galactic

disquali ed them from the methods presented here. extinction, we assume that any host galaxy extinction is small

Flux

Time

thd

tha tec tsso thd ttd

We corrected the resulting magnitudes for Galactic extinc-
tion using the dust maps of Schia& Finkbeiner(2011) and
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Table 1
GSW Using the EOM
LVC20 EOM Corrected.VC20 EOM Updated EOM
CCSN ty to GSW tia too GSW t1,updated t2, updated GSwW
(D) (days (D) (day9 (JD) (day9
SN 2019ejj 2458599.16 2458605.76 6.60 2458598.78 2458605.13 6.35 2458596.78 2458604.36 7.58
SN 2019fcn 2458608.89 2458612.46 3.57 2458608.52 2458611.84 3.32 2458606.52 2458611.06 4.54

Note. Determinations of the GSW for SNe 2019ejj and 2019fcn using the EOM method.tl=ft,gS 15 hr andt, = ty. Middle: t11= thaS 24 hr and
t2= g S 15hr. Right:ty ypdated™ tnd S 3days and, ypgated= tia S 1.4 days. Here, is the rst optical detection of an SN ahg is its previous nondetection. Our
updated EOM is more robust and realistic than the one Eg@20.

in comparison. Finally, we converted to absolute magnitudes Table 2

using the TullyFisher-based distance modulpys= 31.0+ Model Parameters for the Methods Used to Calculitgo

0.4 mag(Theureau et aR007). The photometry is available as

the data behind Figu@a Method Input Data Parameters
We also obtained two spectra of SN 2019ejj and four spectraQuadratic Early Photometry Atspo, @, 8

of SN 2019fcn with the FLOYDS spectrographs on the Las
Cumbres Observatdly 2 m telescopeéBrown et al.2013,

using a 2 slit oriented at the parallactic angle, and reduced Empirical Fits  Early Photometry Atspo, 1, €
them using thefloydsspec pipeline (Valenti et al.2014). -
These spectra are available from the Weizmann Interactive
Supernova Data Repositofyaron & Gal-Yam2012).

Shock-cooling  Early Photometry Atggo s+, Menw R M, 1,

P15 Entire Photometry and to Atspo tp, tws E
Spectroscopy BSV), w

Note. A description of the parameters is given in Secion

3. Calculating the GSW Using the LVC Early Observation

Method (EOM) emission. We discuss this limitation in regards to the EOM and

Abbott et al.(202Q hereafterLVC20) calculate the GSW  point out how to eliminate three of the drawbacks and mitigate
(referred to as then-source windojvusing the Early Observa-  the fourth one in this paper. However, the point of any targeted
tion Method (EOM) for four CCSN candidates. The EOM Gw search is not to maximize the detection probability to
de nes the GSW as the time range betwgent,yS Atsgand 1009, but to increase the overall probability of detection for a
12 = tq, Wherelyq is the time of the rst optical detectionyis the  |arger fraction of GW candidates. This line of operation has

time of the last observation without the SN present, Atgh also been used in previous GW searches as part of the tuning
accounts for the shock propagation travel time between coremethOolologies

collapse and SBQ;VC20 employ a range of 24 hr for the For the : : :

g purpose of comparison with the EOM implementa-
latter (Schawinski et a200§ Dessart et al017) to account for 61 20, in Tablel we list the resulting GSW set by the
the unknown progenitor star properties. However, when reportngONI for the two SNe considered here. The left column
the on-source windowsLVC20 actually use a xed Atgg= (LVC20 EOM) usest, = togS 15 hr andt, = t. The middle

15hr. A schematic vi f the EOM froh/C20 is sh i : L :
f. 71 sehematic view ot the 0 'S shown in column(Corrected.VC20 EOM) applies an additional shift to

Figurel.
The EOM approach suffers from four potential short- the GSW(to correctly account foAtsg as de ned by Abbott

comings. First, it assumes that the time of core collgipge etal.202Q usingty 1= thgS 24 hr andt; 2= tig S 15 hr. In the

and hence GW emission, is bracketedtpyandt,, but this ~ right column(Updated EONL we use updated SBO delay
cannot be guaranteed as it depends critically on the relativeeStimates based on the recent work of Barker ¢2@21; their
sensitivity of the nondetection @t compared to the brightness  Figure § and the observed range of Type IIP SN progenitors in
of the SN attyy. Second, allowing the GSW to extend all the the local universésee Sectiod.2). The updated EOM dees
way totyy makes the GSW too wide, since cledglycannot be t1 updated thaS 3 days andty ypgated ta S 1.4 days. In the
atty. Third, since optical time-domain surveys have a range ofcontext of the EOM approach, we consider this latter estimate
cadences and sensitivities, and are further affected by weathetp be the most robust.

it is possible that the time interval betwderandt, will in fact

containt.., but will be much wider than necessary. Fourth,

existing studiegChevalier 1992 Matzner & McKee 1998 4. New Methods for Calculating the GSW
Calzavara & MatzneP004 Chevalier & lrwin2011; Kistler h hod ived in th . .
et al. 2013 Morozova et al2015 Davies2017 Miller et al. The EOM approac escribed in the previous section,

2017 Waxman & Katz2017 Barker et al.2021) suggest a including our updatgs to j[he LVC_ calculation: does not make
much wider range foAtsg than the single value of 15 hr used Use of all of the available information from optical SN data and
by LVC20. Thus, depending on the specicircumstances of —modeling. In this section, we introduce and explore several
each CCSN, the GSWas de ned by the EONmay actually methods for better determining the GQWith the methods and
miss the time of GW emission, or alternatively may be much their associated parameters being described via Pablas
wider than needed. illustrated in Figure 1, estimating the GSW requires a

It is also worth pointing out that the GSWSs reported in this determination of boti\tsgo= tig S tspo and Ate.= tsgoS teo
paper might not also reach 100% probability of including GW and their associated uncertainties.

3
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Figure 2. Top panels: second-order polynomias (blue curveyto the opticalr-band light curvegred pointy of SN 2019fcn(left) and SN 2019ejjright). The
intersection of the blue region with zerax represents theslrange onAtsgo As expected, a less-well-sampled early light cBd 2019¢jj leads to a larger
uncertainty om\tsgo. Middle and bottom panels: two-dimensional posterior distributiofg©fo, o, ands for SN 2019fcn(left) and SN 2019ejfright). The dashed
lines in the projected histograms mark the 5%, 16%, 84%, and 95% quantile ranges. The blue and green contours mark the apptepcateegions.

4.1. Estimating the Time to SBO amdsgo polynomial t, which we assume for the early rise of the SN
In this paper, we model either the early SN light cufies, light curve and does not assume any speghysics;(ii) an

the rise to pegkor the full light curves to determinggo and its analytical shock-cooling model, based on the formulation of
associated uncertainty. Our general approach is shown schem&apir & Waxman(2017; (iii) a novel data-driven approach, in
tically in Figurel. We de ne zero time as the time ofrst which we use high-cadence early light curves of Type Il SNe
detection(tq). We use four different approaches, with varying observed with Keple{Garnavich et a016 and the Transiting
levels of assumptions and complexifi} a simple quadratic  Exoplanet Survey Satell{@ESS; Vallely et al2021) as input

4
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Figure 3. Results of the Sapir & Waxmg@017) shock-cooling modelts to the early light curve of SN 2019f¢top righ). The corner plot shows the posterior
probability distributions fokst, Menw f,M, R, 1o = tsgo, ando. The I credible intervals for each parameter, centered on the median, are listed at the top.

models; and(iv) using the full data set of photometry and wheretsgois the time of rstlight(i.e., zero ux) measured in
spectroscopy to model the entire light curve using the method ofdays, anda and 3 are polynomial coefients. We use a
Pejcha & Prietg2015a 2015). We describe each method in  pmarkov Chain Monte CarlgMCMC) routine usingpymc3
detail below. (Salvatier et al2015 to t for the three free parameters. or
andg, we use a log-uniform prior with a wide range[8f10,
10] to avoid biasing ta posterior. Fotsgo, We use a uniform
The ri_sing phase of SNe empirically follows a Iovy—order prior spanning[$20, 0 days. We also t for an intrinsic
polynomial, so here wet the early photometry with @  gcatter parameter;, which we add in quadrature to the
quadratic polynomial of the foftn observational unceitéies of each data point(o; =

F(1) = a(t — tspo)* + B(t — tspo), (H Jo? + o?), with a half-Gaussian prior peaking at 0 and with
a standard deviation of 0.1 in units of normalizedx.

5 Two additional ts using a power law and a fourth-order polynomial Figure 2 shows the resulting ts to th_e opticalr-band .
(quartig are found in the Appendix. light curves of SNe 2019fcn and 2019ejj, where the resulting

4.1.1. Quadratic Polynomial Fit









