Funded by

the European Union : g

3
.-\'

A

l

\
NN

B
%\“w

K|Ionova Th@@ﬁy acl;\
' M@@ﬂ@ﬂﬂum@

- -

stefano.ascenzi@gssi.it

Stefano Ascenzi (GSSI) . bl | g Image Credit: Mark Garlick



mailto:stefano.ascenzi@gssi.it

ntroduction

The tutor

Magneto-thermal simulations of magnetars
and modelling of their electromagnetic
emission (MATINS 3D code)

A

Modelling Electromagnetic Counterparts of
Compact Binary Mergers (SGRB +
Kilonovae + Spindown-powered transients)
through semi-analytical and numerical
methods

G GRAN SASSO
INSTITUTE

I SCHOOL OF ADVANCED STUDIES




Outline of the tutorial

« Observational Introduction
> Killomowe a2 niuishell
.- A Kilonova Toy-model

- Microphysics of Kilonovae
- Multiple component Kilonovae

- How we model Kilonovae
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HST observations ( https://www.nasa.gov/press-release/nasa-
missions-catch-first-light-from-a-gravitational-wave-event)

(LVC, Fermi & Integral Collaborations, 2017)
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Optical/NIR Spectra
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Betore AT201/gto...

Klonowa Calncicanes

Time since GRB 130603B (days)
10

Kilonova candidate found as NIR
bump appearing late time during
short GRB afterglow.
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Betore AT201/gto...

Klonowa Calncicanes

GRB . Kilonova Me; Mg) Xlan Redshift
170817A (GW170817) 1 Yes 3.877739 x 1072 2711380 x 1074 0.0099
130603B 2,3 Yes 7.4675%5" x 1072 5.367%%%% » 1073 0.356
050709 4,5,6,7 Yes 5117375 x 1072 4.49TP.%0 % 1073 0.161
SN-less, Long 060614 8,9, 10 Yes 7737192 x 102 22413673 106 0.125
GRB l 150101B 11, 12 Recently claimed by 12 371772 x 1072 4.191580:00 5 1077 0.134
140903A 13 No - - 0.351
(T 00 ~ 100 s) 050724A 14, 15 Recently claimed by 24 124132 %1072 0.09122156 5 1074 0.257

061201 16 Recently claimed by 24 42003834 x 1073 0.07535:° x 107 0.1114

080905A 17,18 Recently claimed by 24 6.987349 x 1073 1.41120038 » 104 0.1218
070724A 19,20 No - - 0.457
160821B 21,22 Recently claimed by 24 1.741627 x 10! 1.87H1%5% x 104 0.16

150424A 22,23 Recently claimed by 24 9.66750% x 1072 0.15%%%5 x 107 0.30

Note: “ This event has been associated to a galaxy at the redshift reported here or to the cluster Abell 995 at z = 0.084. Gompertz et al. (2018)
employed for this event the latter value, while we choose the former in order to be more conservative.

References: (1) Abbott et al. (2017b), (2) Tanvir et al. (2013), (3) Berger et al. (2013), (4) Fox et al. (2005), (5) Hjorth et al. (2005), (6) Covino
et al. (2006), (7) Jin et al. (2016), (8) Zhang et al. (2007), (9) Jin et al. (2015), (10) Yang et al. (2015), (11) Fong et al. (2016), (12) Troja et al.
(2018a), (13) Troja et al. (2016), (14) Berger et al. (2005), (15) Malesani et al. (2007) (16) Stratta et al. (2007), (17) Nicuesa Guelbenzu et al.
(2012), (18) Rowlinson et al. (2010), (19) Berger et al. (2009), (20) Kocevski et al. (2010), (21) Kasliwal et al. (2017c), (22) Jin et al. (2018),
(23) Tanvir et al. (2015), (24) Rossi et al. (2019).

(Ascenzi+2019)



After AT2017/gto...

New Kilonovae - GRB 211211A

(c) Fermi/GBM Catalog:
Duration vs. Hardness
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After AT2017/gto...

New Kilonovae - GRB 230307A
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Ascenzi et al. 2021



Binary Neutron Star Merger

Electron Fraction 0.15 T
t=0.025 ms ~
S
# of electrons 5
Yo = E
# of nucleons 0
e S
R =
- 1 0.C5

S. Resswaog







R-Process Nucleosynthesis
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Thermal Optical-NIR
Emission
(Kilonova)

Unbound expanding
matter heated by
radioactive decays



Table 1 Timeline of major developments in kilonova research

1974 Lattimer and Schramm: r-process from BH-NS mergers

1975 Hulse and Taylor: discovery of binary pulsar system PSR 1913 4 16

1982 Symbalisty and Schramm: r-process from NS—NS mergers

1989 Eichler et al.: GRBs from NS-NS mergers

1994 Davies et al.: first numerical simulation of mass ejection from NS—NS mergers

1998 Li and Paczynski: first kilonova model, with parameterized heating

1999 Freiburghaus et al.: NS-NS dynamical ejecta = r-process abundances

2005 Kulkarni: kilonova powered by free neutron-decay (“macronova”), central engine
2009 Perley et al.: optical kilonova candidate following GRB 080503 (Fig. 9)

2010 Metzger et al., Roberts et al., Goriely et al.: kilonova powered by r-process heating

2013 Barnes and Kasen, Tanaka and Hotokezaka: La/Ac opacities = NIR spectral peak
2013 Tanvir et al., Berger et al.: NIR kilonova candidate following GRB 130603B

2013 Yu, Zhang, Gao: magnetar-boosted kilonova (“merger-nova”)

2014 Metzger and Fernandez, Kasen et al.: blue kilonova from post-merger remnant disk winds

Evolution of Kilonova Models

L} L]
Parameterized Heating:
Li & Paczynski 98 Infrared

Visual
Ultra-Violet

Neutron Heating Lathanide-Free Ejecta
Kulkarni 2005 Metzger & Fernandez 14
= Metzger et al. 15 Kasen et al. 15

R-process Heating:
Metzger et al. 10

Roberts et. 11 Lanthanide Opacities:
Barnes & Kasen 13
. Tanaka & Hotokezaka 13

1 10
Peak Timescale (day)

Peak Luminosity (erg s™')

Metzger 2020
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(Ascenzi et al. 2021)



et’s bulld a toy
kilonova model

(Adapted from D. Kasen notes that follows Arnett 1980, 1982)



Heating

/

il p b + Ot — L(¥)
dt dt B
/ L uminosity

Work (Adiabatic cooling)

Assumptions:

1. Spherical, 1-zone model
2. Free-expansion: R(f) = vt + R,

3. Radiation energy >> gas energy: £ = &,,./V = aT* P = aT?*/3
> & OJE

4. Rad. Cooling described by diffusion: L(r) = — 4nr
3kp or

5. Constant opacity k



...........

Step 1: timescale of photon escape
T = pkR

R pkR? 3IMk

Lo = —T = £
diff C C Ayrevt

3Mk

drve

L) = ¢ wlp =




Step 2: Luminosity

L(R) = —4znR r=
(R) iSeoriy ( )
oOE & e
or VR
C &, (1)
L(R) = 47[ngmt = (t+ t()) lp = RO/V

rad



Step 2: Luminosity equation

Zw __pZ - L)
di dt
dv. 16,;,dV &, dR &
P = = -
di 8 VR
dgint 2 d Ltrzad e trzad dL %int
dig  dm\nt A dr o,
L0 100 - Lo)
di

rad




Step 2: Solving Luminosity equation

dL 1+
dt P

rad

Using the .
INntegrating EXp (th )

feleo]

|0 — L)




Kilonova: Main Ingredients ..
. .
Me; Mass of the Ejecta
Ve j Velocity of the Ejecta

k i 0.1c\1/2
/tpeak ~ 4.9 days( Mhes C) \

10em?/g 0.01 Mg v

erq [ Ve 1Ocm2/g 0.65 M ; 0.35
Lok ~ 2.5 x 10%0 ( J ) ( J )
peak . s \0le & oo, X

koo\_ Vo Mei  \-o16 K
Ty = 2200 K( 2 ) 0.41 < ) 0.09( ) 0.16
10cm=/g O.1c 0.01 M

%

(Grossman et al. 2014)

% Assume: PL index for r-process decay a = 1.3



Slue & Red Kilonova

f Red Kilonova \

tpeak

Lpeak

Spectral Range:

Days- 1 week after the
merger

10*! erg/s

Optical Red/ NIR j

-

tpeak

Lpeak

\\\SpeCUaIRange:

Blue Kilonova

~

1-day after the merger

> 10 erg/s

Optical

%




Golng deeper Into the problem. ..

- R-process nucleosynthesis
- Heating Rates

- Thermalization efficiency
- Opacity and composition

- Multi-ejecta Components



R-Process Nucleosynthesis

T



R-Process

\ Basic Reactions

Neutron Capture

# of Neutrons

Neutron capture timescale /
B smaller than beta decay
timescale Z, N )

N

Atomic Number
(# of protons)

Beta decay timescale
B smaller than neutron
capture timescale

peta vecay

(Z,N) = (Z+1,N—1)+e + i,

%




R-processes: a qualitative description
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R-processes: a qualitative description
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Neutron Capture
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R-processes: a qualitative description
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9 <« Big Bang: H, He Lodders 2003

iron peak

-process S-process .

<X

neutron capture
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Healing Rates

Q.I" o MXl"éi"

time [days]

—1.3
> erg/g/s ° o 102 10°

4
€, ~2X 1010
1 day

g = 0.1 ——— -

e =05
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Why a power-law instead
of an exponential for
radioactive decay?
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(Korobkin+2012)

The power-law is given by considering the overall decay
of many species with different decay time



For the single species with decay time ¢, we have that:

—t/t,

N(t) « e N (f) t

Let's assume that the characteristic heating rate time are equally distributed
in log(t) inthe intervalt, . <t.<t, .

N(t) ~ —

;tr A r r

Normalisation factor

N Jtmax e_t/tr 1

Distribution of decay with ¢,
Rate of the elements

with .

Solving by substituting u = t/1,




The number of decays per unit time per gram

N _1 B |
o ! scales as t

i N(Aym,

However, for # — decays, longer lived isotopes releases lower energy

‘ The temporal behaviour
Eg, 1 E ) ~ E;, ép = N(DE1) o s~ (1+a) | o i
s steeper than ¢

Non-relativistic (relativistic)

Coloumb regime applies
l+a~1.3
(Hotokezaka+2016), such

theE e = /8 @ed/d)



Thermalization Elficiency

yaray. Energy released during the radioactive decay is in form
of non-thermal particles.

Anti-neutrinos , _ |
They have to thermalize to share their energy with the

ejecta

@

® ﬁ-particles They can do it through different processes, with a time-
dependant efficiency

LS

O/-Particles

Fission
Fragments

Main reference: Barnes+2016



Thermalization Elficiency

IC fray L

Anti-neutrinos )
ek f-decay /ray

@

[-particles

- >

For example, in #-decay, 20% of the energy goes in

@ @ electrons, 45% in y-rays, and 35% in neutrinos (Barnes

+2016).

O/-Particles

Fission

Fragments Neutrinos do not thermalise. Only max ~65% of f-decay

energy available for thermalisation

Main reference: Barnes+2016
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Thermalization Efficiency

[_/‘ Sy f-decay

@ [-particles

y-rays thermalise through photoionization ( < 1 MeV)
and through Compton scattering ( = 1 MeV)

p particle thermalise through plasma losses (Coulomb
interactions with free thermal electrons), excitation
and ionisation of bound electrons and
Bremsstrahlung (ot VHE)



Thermalization Efficiency

a-particles thermalize by interacting with free and
bound electrons.

Fission fragments thermalize by interacting with free
and bound electrons and atomic nuclei

W @ However, a-decay occurs mainly in translead
(v-Particles nuclei (Z>82) and fission fragments for heavier

nuclei. Their synthesis depends on the electron
Fission

fraction
Fragments
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Thermalization Efficiency

Thermalization efficiency depends on density, so Thermalization becomes inefficient after the
on M,; and v and and time. It decreases in time. It peak for most f3, for a and fission fragments. It is
is maximum for fission fragments >a > f >y inefficient before the peak for y

ission fragments —— B-particles

— w-particles
y-rays

fission
fragments
B-particles

n-particles

8
7
6
5
4
3
2
1
0
10

(Barnes + 2016)

(Barnes + 2016)



Hydrogen
i

Cesium

Lanthanide
Series

Actinide
Series

Lanthanides & Actinides:

Open electron valence f-shell

Complex electronic structure
High number of transitions

High Opacity

Periodic Table of the Elements

Atomic Atomic
Number Vass

Symbol

enium;

Roentg

complexity measure

20 60

40
atomic number Z

open s shell Bl opend shell
EEl open p shell B open fshell

(Kasen, Badnell & Barnes 2013)



Fe (Kurucz)
Ba (GRASP2K)
Nd (HULLAC)

W M \ M J”“\“ w J M'lw\
1\ “ ,, 4»1 * \w F
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o

photon energy (eV) photon eeergy (eV) 5ooo 10000 15000 20000 25000
Wavelength (A)
(Metzger 2020) (Fontes et al. 2017) (Tanaka et al. 2017)
/ Radio - Far IR > Free - Free absorption \
Near IR - Optical > Bound - Bound transitions
UV - X-ray < Bound - Free transitions
X-ray - 7Y-ray > Electron scattering

o %




Nucleosynthesis and Opacity

- )
Y, < 0.2, r-process up to the 3rd peak A ~ 195 I k<20 — 30 sz/g

(lanthanide rich)

0.25 < Y, < 0.35, r-processes up to the 2rd peak )
A ~ 130 (few or no lanthanides) # k~3—=5cm’/g

Y, ~ 0.40, Fe group elements, with few or none r-

2
process elements k~ lem®/g

L Tanaka+2020 )

|| «—Big Bang: H, He | Lodders 2003

log ( abundance )

neutron capture

20 40 60 80 100 120 140 160 180 200 220
mass number (A)
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Thermodynamic Equilibrium “

Local Thermodynamic Equilibrium

- |onization and excitation state of matter impact the opacity
- But how we calculate them?

- In LTE we assume that collision processes dominates the excitation
and ionization rates.

Excitation Boltzmann Equation

lonization _ Saha Equation

. Local temperature determines the ionization and excitation state of
atoms
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Th@TmOdynamic K quﬂibnum

Local Thermodynamic Equilibrium

- LTE valid when collision dominates and/or radiation field is thermal,
.e. at high density and/or optically thick medium

- But what happens when the density drops and the KN enters its
nebular phase?

- LTE no longer a good approximation
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Th@TmOdynamic K quﬂibnum

Local Thermodynamic Equilibrium

- LTE valid when collision dominates and/or radiation field is thermal,
.e. at high density and/or optically thick medium

- But what happens when the density drops and the KN enters its
nebular phase?

- LTE no longer a good approximation



L dynamic K quﬂibnum

Non-Local Thermodynamic Equilibrium

- The ionization and excitation state depends on the radiation field

. ..which also depends on the ionization and excitation state



Thermodynamic .

“quiliorium

Non-Local Thermodynamic Equilibrium

t=3d
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Thermodynamic 2 QUIhbﬂum

Non-Local Thermodynamic Equilibrium
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Multiple ejection channels

Shocked - Afterglow

interstellar
medium

Wind + hydro
Ejecta

GRB central
Engine

Ascenzi et al. 2021




Viscous (secular)
Ejecta

Shocked Dynamical
Ejecta (Only for BNS)

Tidal
Dynamical
Ejecta




Dynamical Ejecta

t ~ O(ms) Vayn ~ 0.2 =03 ¢

Mfyﬁs ~ 107" = 107 M, = Depends on mass ratio, total mass and EOS

Mcll\;i_BH ~0-107" M q Depends on mass ratio, EOS, BH mass and spin

Dynamical ejecta for BNS

Both in BNS and NS-BH ® Bauswein+13
Along the equatorial plane Hotokezaka+13

Radice+18
Cold matter (low Y,) t S:kigcj;i+16

<

Tidal Ejecta ~ mmmlly

 Asymmetric binaries expelling s Ciolfi-+17
more mass g 09
E
£ 0.2
5
e Only in BNS O
Shocked Ejecta # * Ejected by the quasi-radial
pulsation of the remnant ejecta mass [Mg)]
* All the directions Siegel 2019

Hot matter (high Y)



Wind Ejecta from the disk

« Both the metastable NS and the accretion disk emits neutrinos with a luminosity of L, ~ 10°? erg/s
e A fraction of neutrinos are absorbed and deposit their energy in the disk
 When the deposited energy overcomes the gravitational binding energy an outflow with
M ~ 107> M /s and v < 0.1 c is generated, this happens on a timescale of 7, , ~ 10 ms
* 5% of disk mass unbind
« If the metastable NS survives for more than 50 ms, ~ 1073 M, can be also unbound from the NS
surface . This can be substantially increased if the star has a strong ordered magnetic field

(Metzger+2018).
« The lifetime of the metastable NS influences the Y, of the ejecta

ho gUhd A MY Vo d

2 és ?3

“viscous accretlng
evaporation” ,\ /1 7 matter

M€ = v absorption \ =

accretion disc  hot HMNS  ,_driven wind

Perego+2014



Viscous secular ejecta

* When the accretion rate decreases the neutrino cooling is quenched. The heating due to viscosity and
nuclear recombination are not balanced anymore by the neutrino cooling and an outflow is launched.

e The disk settles in a mildly degenerate state, where the pair production is suppressed (Beloborodov
2003, Siegel & Metzger 2017). The number density of electrons overcomes that of positrons. Electron
capture by protons favoured with respect to positron capture by neutrons. The outflow is neutron rich,

with 0.1 < ¥, < 0.4 .

p+e —n+v, Favoured

n+e - p+ U, Disfavoured

e Up to 40% of disk mass unbound
o Along lived NS can generate an increase of Y,

Siegel & Metzger 2017



Dynamical Ejecta vs Disk Outflow

Viscous Ejecta dominates over the
dynamical ejecta in therms of mass
content

102 10~1

Mej [Mg)]

Radice+2018

Prompt BH formation



Kilonova Models

- Full Monte Carlo radiative transfer: e.g. SEDONA (Kasen 2006,
Kasen+ 2017), ARTIS (Kromer & Sim 2009), Tanaka & Hotokezaka
code (Tanaka & Hotokezaka 2013), SuperNu (Wollaeger+2013)

- Monte Carlo radiative transfer with simplified microphysics: e.g.
POSSIS (Bulla 2019)

. Diffusion, grey opacity (e.g. Ricigliano+2024)

- Energy Balance (e.g. Metzger+2020)



Full Monte-Carlo Radiative Transter

The Main Idea
dl, .
r — = Radiative transfer equation
)

L, : Specific intensity
J, : Emission coefficient

a, = pk : Absorption coefficient



Full Monte-Carlo Radiative Transter

The Main Idea
dl,
=S5, -1, Radiative transfer equation
dt,
_ |
dt, = a,ds, 1,:optical depth S = s Source Function

1%

(2

I(z) =L1(0)e "™+ J e_(TV_TL)SU(T; )ydr, Formal solution
0



Full Monte-Carlo Radiative Transter

The Main Idea
dl,
. — Sy = Radiative transfer equation
TI/

The idea of Monte Carlo radiative transfer is to describe transport as a sequence of
stochastic events representing the interaction of radiation with the medium.

Photon packets with sampled frequency, direction and (optionally) polarization are
injected into the ejecta and evolved in time.

Each packet propagates over a distance set by a random optical depth and then
undergoes an interaction (e.g. absorption, scattering) drawn from probabilities
governed by the local microphysics (e.g. opacities and emissivities).

Packets that escape the computational domain are recorded, and the emergent
radiation field (light curves and spectra) is reconstructed from their properties.



Full Monte-Carlo Radiative Transter
The walkthrough of a particle...

Emission: o packet is created in a cell according to the local energy

source. Its A4 is sampled from the local emissivity and its direction drawn
isotropically in the comoving frame

Propagation: the packet is propagated through the expanding ejecta. Its
comoving A is redshifted because of homologous expansion

Event selection: the distance to the next possible event is computed: @
continuum/line interaction, a cell boundary or time boundary reached. The
smallest of this distance determines what happens.



Full Monte-Carlo Radiative Transter
The walkthrough of a particle...

Interaction

Line resonance

Continuum event
't interacts with probability set by

The particle may be the line optical depth.

absorbed or scattered with

probability set by local 't can be, absorbed and re-

opeei emitted (resonant), de-excited into
a different transition (fluorescence)
v
Absorption Scattering
Re-emitted with a new A comoving A unchanged,
sampled by the local new direction and

emissivity polarisation



Full Monte-Carlo Radiative Transter
The walkthrough of a particle...

Escape

The sequence is repeated until the packet reaches the outer
boundary of the ejecta

Escaping packets are binned by time, 4, direction and polarisation

and the emergent radiation field is reconstructed from the full
ensemble



Full Monte-Carlo Radiative Transter
Microphysics, the example of SEDONA (Kasen 2006, Kasen+2017)

Radiation source & heating: analythc fits to €(¢) and é,,(¢, M, v,),

MC y-ray transport

Thermal state: [ocal T obtain by rad. equilibrium: heating and photon
apbsorption balanced by thermal emission.

Excitation & lonization: computed in LTE

Lines: some lines (<5 X 105, Kasen 2006) can be treated one-by-one from
Fe-group and lanthanides with multiple ionization, fluorescence included.

Continuum: by e-scattering, bound-free, free-free. Bound-bound
(O(107) lines) described by expansion opacity formalism



LSImplitying the microphysics
The example of POSSIS (Bulla 2019)

3D MC radiative transfer with
viewing-angle dependence and . L

— 1.5 days

= 5.0 days

pOlQrISCItIOﬂ. AN\ - 10.0 days

Opacities are provided as input,
not computed self-consistently.

Heating, thermalisation, density
and temperature evolution from

0.5 1.0 1.5 2.0 2.5

analytic prescriptions Wavelength (pm)

In Bulla 2023 expansion opacity
from Tanaka+2020 (see
orevious slides) as input

(Bulla 2019)



LSImplitying the microphysics
The example of POSSIS (Bulla 2019)

The faster computation allows to
compute 3D, viewing angle dependent
models with interacting multiple
ejectd component...

..and it also allows for a larger

exploration of the parameter space
1 Lanthanide-free B Lanthanide-rich

-03 -0.2 -0.1 00 0.1 0.2 0.3

Equatorial velocity |c]

(Bulla 2019)



Monte Carlo RT

In both cases MC-RT codes are not fast enough to be used in parameter estimation (e.g.
MCMC) studies...

..and make surrogate kilonova
models, i.e. interpolators/emulators that
allows to compute the lightcurve for
arbitrary points in the parameter space

..but we can use them to build @
grid of KN lightcurves for
selected input parameters value...




Diftusion in Grey Opacity

Integrating the radiative transter equation

1 0l

c Ot

+V-nl)=j,—al

We calculate the 1st and 2nd momenta of RT equation by multiplying by T and n
and integrating over d€2

|
18, = —[ 1,dQ Energy density
C
aEy : 471'
(RT eq.)dQ2 = +V-F, =4rj,—acE,
— J I nd< Flux vector
A7
1 oF, :
J(RT eq.)n dQ2 b teV-P,=-ak, aiiic]
b= ;[ [,nn d{2 Pressure tensor
4



Diftusion in Grey Opacity

Integrating the radiative transter equation

ok, :
+ V- -F,=47j, — ack,
ot
1 JF, -
= +c¢V-P,=—-aF,
c Ot

We can integrate over frequencies to obtain:

oOE i
— 4+ V- -F= [ (4zj, — a,cE)dv
ot 0

e v P

1 oF r"
a ¥ dv
c ot

0




Diftusion in Grey Opacity

Integrating the radiative transter equation

ok, :
+ V- -F,=47j, — ack,
ot
1 JF, -
= +c¢V-P,=—-aF,
c Ot

We apply diffusion approximation

dr _ J, oF — 0




Diftusion in Grey Opacity

Integrating the radiative transter equation

ot 3a

v

oL, C :
— Vo ll—V8 =l — el

The 1dea of Pinto & Eastman 2000 framework, adapted to KNe by Wallaeger+2018 and
Ricigliano+2024 (xkn code) 1s to solve this equation to obtain lightcurve,
In co-moving frame, spherical symmetry and for an homologous expanding ejecta we get

DE ¢ 0 [ r*oE AR :
R + —di Eheat
Dt 3rior \ a or R




Diftusion in Grey Opacity

Integrating the radiative transter equation

DE ¢ 0 [ r*oE 4R .
TR e e Eheat
Dt 3rior\ a or R

: D . IOOO a F dv Inverse mean
Epoat = J (47j, — o cE))dv = €, fy, p a % free-path
0 IO F dv

E(r, 1) - F(r,t) = — ;a aa]f mlp /(1) = 47R*()F(R, 1)

For given profiles of €.(), f(¢) analytic solution exists



Diftusion in Grey Opacity

some Caveats

Contrary to the MC-RT codes, this framework can provide only bolometric luminosities

Moreover, the equation is valid only in the diffusion regime when matter is optically
thick

BILE...

A separate prescription can be (is) implemented for optically thin regions, e.g. in
Ricigliano+2024

thin layers

L@ = Y fadte(dM,

We can assume that the spectral continuum is described by a blackbody at Tph

I 1/4
thick
= max — ks




Energy Balance equation

Getting back to the start
DE ¢ (:»2 0E> AR
FEERt ) D Eheat
Dt 3rior\ a or R

We Integrate over the volume

Ein = JEdV L= J F-ndS Q= JEheath
S

Al Pdv + O®) — L&)
dt dt




Thank you for your attention!
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