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Supernova v-observation & theory

-Supernova neutrino theoretical prediction (theoretical template)
>Totani (Levermore) model (based on Wilson’s simulation)
SNEWPY (SNOwGLoBES/sntools) (cannot judge models)

.Close collaboration b/w supernova theorists and neutrino

experimentalists I1s required!

Bakster+ (2021)

Totani+ (1997)



Phases of supernova neutrino

-Explosion phase -PNS cooling phase
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Tamborra+ (2014)

-PNS cooling phase

Early explosion phase

-Explosion phase

-Various physical processes
Involved, theoretically
uncertain

-.Segerlund+ (2021), Migenda+
(2021), Nagakura & Vartanyan
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core collapse—core bounce—stalled shock—turbulence—shock revival



Late PNS cooling phase

-Explosion phase

-Various physical processes
iInvolved, theoretically
uncertain

Nakazato+ (2022)

-PNS cooling phase
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Late PNS cooling phase

Nakazato+ (2022)

-Explosion phase

-Various physical processes
iInvolved, theoretically
uncertain
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Late PNS cooling phase

-Explosion phase

-Various physical processes
Involved, theoretically
uncertain

Nakazato+ (2022)
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. The focus of nuLLC collab.

—A robust estimation of the
simple late phase is a clue for
the complicated early phase

Mantle contraction—shallow decay—volume cooling




Suggestions from nulLC collab.

Theoretical template Analysis method/pipeline
-Nakazato’'s database (DB) -backward time analysis
PNS cooling simulation with many Backward cumulative event count from
PNS masses and EOSs last one event is useful to estimate the
-Mori's DB °NS mass
Core collapse simulations of 1D- - X -square fitting

Obs. data fitting based on the count
rates and mean energies from the

analytic model

explodable light progenitors with
Improved public code, GR1D

-Analytic model
Analytic solution with the Lane-

Emden solution and neutrino
diffusion approximation



Theoretical template:
Nakazato’'s and Mori's
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-Nakazato’'s DB

Quasi-steady state PNS cooling simulations

with diffusion approx. using various PNS
masses and nuclear EOSs.
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-Mori's DB
Dynami

cal Simulations of core collapse,
explosion, and PNS cooling using the improved
GRI1D

(Progenitors are light enough to explode under
1D)




Theoretical template: Analytic model

- Target: atter the shallow decay phase when the mass and radius are fixed
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Mantle contraction—shallow decay—volume cooling



Theoretical template: Analytic model

- Target: atter the shallow decay phase when the mass and radius are fixed
-PNS structure Is determined by ry =2 Lane-Emden equation
—neutrino luminosity and mean energy

0 6 6
L=33x10" ergs™! Mews “ens ﬁ (1 tO)
| 1.4 M, 10 km 3 100s
3/2 ) _3/2
(E) = 16 MeV MpNs Rpns 8P\ (11
: 1.4 M, 10 km 3 ) \100s

6/5 —6/5 4/5 ~1/5 %
tn=210s Mpns Rps ﬁ Ly
’ 1.4 M, 10 km 3 1052 erg Sima 2021

- The analytic model has three parameters: Mpns. Rens. Etot (total emitted neutrino
energy during the shallow decay phase; not the total binding energy of the neutron star)




Proposal of analysis methods
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-backward time analysis X = - RN, | (O.OSEeU-)z
Backward cumulative event count from last
one event is useful to estimate the PNS - X -square fitting

Mass.

Search for the parameters that minimize x 2
defined with the count rate and mean energy of
the analytic model



Propcsal of analysis methods

-Using x4 i1s ad hoc, appropriate
only for the Gaussian distribution

Suwa+ (2022)

Theo. rate Obs. mean ene. . - .
Obs. rate ~_ \ \ Theo. mean ene. | -Poisson distribution is appropriate
) 2 (N AL — R (€);— /)2 —applicable to the distant
1= |
cimebin \ LN (0.05E,: )2 supernovae

. X -square fitting
Search for the parameters that minimize x 2 defined with
the count rate and mean energy of the analytic model



Analysis Pipeline : SPECIAL BLEND

-Supernova Parameter Estimation Code based on Insight on Analytic Late-time Burst
Light curve at Earth Neutrino Detector (SPECIAL BLEND

-Public analysis code that works on Google colaboratory

-Everyone can easily usel

& SPECIAL_BLEND_pyinterface.ipynb & SPECIAL_BLEND_pyinterface.ipynb
7700 @RE KRR BA FVIIL Y= ANVT IRTOEEE LEULL 77 RE TR BA FVIAL VI ANVT INTOEEEREFLELE
+ J1—K + FFXb * iw + 1=K + FFIhK

v 1 !git clone https://{user_name}:{access_token}@github.com/akira-harada/SPECIAL_BLEND.git v ° 1D marginalized result
mass = 1.526519e+00 +4.92e-02/-4.78e-02 (68%) +9.14e-02/-8.68e-02 (95%)
Cloning into 'SPECIAL_BLEND'... o radius = 1.171508e+01 +2.65e-01/-2.60e-01 (68%) +5.25e-01/-5.04e-01 (95%)
remote: Enumerating objects: 54, done. energy = 9.901252e+52 +1.90e+51/-1.88e+51 (68%) +4.30e+51/-4.16e+51 (95%)
remote: Counting objects: 100% (54/54), done.
remote: Compressing objects: 100% (37/37), done. 2D marginalized result
remote: Total 54 (delta 24), reused 35 (delta 14), pack M-R: the best fit is (M,R)=(1.53e+00,1.17e+01), and the levels of CI is 7.36e+00 (68%) and 1.12e+0@0 (95%)
Unpacking objects: 100% (54/54), done. R-E: the best fit is (R,E)=(1.17e+01,9.91e+52), and the levels of CI is 1.39e-52 (68%) and 2.21e-53 (95%)
PR = I |"_'—-| B E-M: the best fit is (E,M)=(9.91e+52,1.53e+00), and the levels of CI is 8.32e-52 (68%) and 1.29%e-52 (95%)

ort os, sys - - 14 16
— mass [Mo ] . . 1.4 1.6
mass [Mo]

radius [km]

# visualize likelihood
visualize(mass,rad,et,mlogLH,LH_MR,MRvals,LH_RE,REvals,LH_EM,EMvals,LH_M,LH_R,LH_E)
! {sys.executable} -m numpy.f2py --quiet -c /content/SPECIAL_BLEND/SPECIAL_BLEND.f9@ -m SPECIAL_BLEND

14.0

%run /content/SPECTAL_BLEND/event_generator.py 13.5
13.0

# define functions 125
%config InlineBackend.figure_format = 'retina’
import numpy as np

import csv

import matplotlib.pyplot as plt

import SPECIAL_BLEND as SB
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def mainQ):
params = np.loadtxt('/content/SPECTAL_BLEND/parameters.dat') # 'parameters.dat’' file has the following contents: assumed gbeta, distance to the SN [kpc], detector mass [kton], parameter . . 2 2 X 2 QGD.O 105 11.0 115 120 125 13.0 135 14.0 100 105 11.0 11.5
origdata = np.loadtxt('/content/time_energy.dat') # 'time_energy.dat' file has the time and energy of each event: first column is time, second column is energy mass [Mo] radius [km]
analysis_mode = int(params[10])# 1:unbinned, 2:full-binned (mode 3 and 4 work only in fortran version, not implemented in this Google Colaborator version)
tmin = params[13]
tmax = params[14]
data = loaddata(tmin,tmax,origdata)
if analysis_mode ==
print("unbinned analysis")
mlogLH,mass,rad,et = unbinned_likelihood(data,params)
print("likelihood calculation completed")
elif analysis_mode ==
print("binned analysis")
mlogLH,mass,rad,et = binned_likelihood(data,params)
print("likelihood calculation completed")

Alens

12.0 125 13.0
radius [km]

energy [erg]

v 1 ETER:1511 v 2®  ETHM: 1545
1.0 .
energy [erg] . . 0.9 1.0 11
energy [erg]




Analysis Pipeline : SPECIAL BLEND

-Supernova Parameter Estimation Code based on Insight on Analytic Late-time Burst
Light curve at Earth Neutrino Detector (SPECIAL BLEND)

-Public analysis code that works on Google colaboratory

-Everyone can easily usel

I'll do a demo of
SPECIAL BLENDI



/N1 7 >4 > : SPECIAL BLEND

-Supernova Parameter Estimation Code based on Insight on Analytic Late-time Burst
Light curve at Earth Neutrino Detector (SPECIAL BLEND)

.Google colaboratory¥Fortranz 3> /N1 )L TZ 5PCTEIHNE DA I — N (ZEEfmH)
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AH+ In prep.




How about realistic data?

-Analyze the mock observational data based on theoretical template of Nakazato's and
Mori's database: supernova is at the Galactic center, the detector is Super Kamiokande

-By focusing on the shallow decay phase with cutting first 0.5 s events, SPECIAL
BLEND reproduces the parameters of the realistic models relatively well

Mori’'s DB Nakazato's DB-1 Nakazato’'s DB-2

AH+ In prep.

AH+ in prep. AH+ In prep.



SN1987A neutrinos and NS] 987A(’?)

Neutrinos from SN 1987A (Feb. 23 1987)

Kamiokande

Neutrinos Sl

Eve~5x1052 erg (e.g. Sato & Suzuki 1987)

o [KIKI M IMBME

Etot~6XEve~3x1053 erg

1<
o

KAM+IMB

20

Ewe (X10% erg)

. By 6 8 : )10 12 Loredo & Lamb (1989) Jegerlehner t al. (1990)

™ : Time after first event (s Time-dep. model . I )

. C S : : Time-ave. model Mirizzi et al. (20006), Fig. 4 superposed
- . oUriesy O Sne Joint analysis only Joint and individual analysis
.@ . | Heated by
NST1987A(?) -Analysis of SN1987A has relied on
b S - a .
Al e P e PN, phenomenological models:

-ALMA found a hot spot in SNT1987A
Optical remnant—evidence of NS1987A7
(~30 yrs Iater) Credit: ALMA (ESO/NAOJ/NRAO), P. Cigan and R. Indebetouw; .Propertles are Stl” unknown.

> | ‘ discrepancy between Kll and IMB

NRAO/AUI/NSF, B. Saxton; NASA/ESA



Parameter estimation of NS1987A

-Modity SPECIAL BLEND to apply to the data of Kll/IMB era

-Kll best fit is inside the 68% CI of IMB <« previous works might overestimate the data
quality of IMB

.Result of the joint analysis: Mpys = 0.8970% My Rpns = 141792 km E,, = 1.517090 X 10™erg
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Parameter estimation of NS1987A

-Caution 1: observational data i1s stochastic, and small mass may be due to the
statistical fluctuation
-.Caution 2: mass is degenerate with the phenomenological parameter g

-Caution 3: typical (?) NS mass in simulations (~1.6 M®) may be too large
Li+ arXiv:2306.08024
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Summary

-We developed a public analysis code, SPECIAL BLEND for the future supernova
neutrino detection
- SPECIAL BLEND can be used easily and estimates parameters well.

-We estimated the parameters of NS1987A from SN1987A neutrinos:

B akira-harada / SPECIAL_BLEND  pubiic - — +0.60 — +6.3 —_— +0.66 53
= axira / - MPNS — 0.89_038 M@ RPNS — 14.1_46 km EtOt — 1.51_049 X 1() €I'g

<> Code I 19 Pullrequests  (® Actions © s

¥ main ~ ¥ 1branch © 0 tags Go to file About

The supernova parameter estimation

68% CI

akira-harada The manual is modified.

.DS_Store 1M aximuin

README.md

SPECIAL_BLEND.fo0

Neutrinos from SN 1987A (reb. 23 1987)
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SPECIAL_BLEND_fortinterface.f90
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