where I ν = specific intensity (erg cm -2 s -1 Hz -1 sr -1 ) s = distance along path (cm) η ν = emissivity (erg cm -3 s -1 Hz -1 sr -1 ) χ ν = opacity (cm -1 )

Change in specific intensity = Emission -absorp?on along path (courtesy John Hillier)

dI ν dτ = I ν -S ν dτ I ν
where I ν = specific intensity (erg cm -2 s -1 Hz -1 sr -1 ) τ = op?cal depth (dτ = -χ ν ds) S ν = source func?on (=η ν /χ ν , erg cm -2 s -1 Hz -1 sr -1 )

Change in specific intensity = Emission -absorp?on along path (courtesy John Hillier)

dI ν dτ = I ν -S ν I ν
Change in specific intensity = Emission -absorp?on along path 

S ν = η ν χ ν = f (I ν )
J ν = 1 2 I ν (µ)dµ -1 1 ∫ H ν = 1 2 I ν (µ)µ dµ -1 1 ∫ K ν = 1 2 I ν (µ)µ 2 dµ -1 1 ∫ E ν = 4π c J ν F ν = 4π H ν P ν = 4π c K ν (Energy density) (Energy flux) (Radia?on pressure) dI ν ds = η ν -χ ν I ν 1 r 2 ∂(r 2 H ν ) ∂r = η ν -χ ν J ν 1 r 2 ∂(r 2 K ν ) ∂r + K ν -J ν r = -χ ν H ν 0 t h o r d e r 1 s t o r d e r
Adapted to supernova condi'ons (all types of SN)

Ø homologous expansion: V(r) ∝ r Ø =me-dependent equa=ons (1 st oder in V/c)
Ø decay energy + change in composi=on (e.g. 56 Ni ➞ 56 Co ➞ 56 Fe)

(Hillier & Dessart 2012) r = Vt ⇒ ∂V ∂r = V r D Dt = ∂ ∂t +V ∂ ∂r (Lagrangian/co-moving deriva?ve)

Dε decay Dt

Because speed of light is finite !

In an atmosphere with scale height ΔR and op?cal depth 𝜏 < 1:

Light travel ?me: ⇒ SN flow ?me:

For 𝜏 < 1 (op?cally-thin limit):

t light ≪ t flow ⇒ steady-state (D/Dt = 0) t light ≈ ΔR c t flow ≈ R V = t exp t light t flow ≈ ΔR R V c ≈ 1 300
for ΔR/R ~ 10 (or ρ(r) ~ r -10 )

V ~ 10 4 km/s

(Hillier & Dessart 2012)
Because speed of light is finite !

In an atmosphere with scale height ΔR and op?cal depth 𝜏 > 1:

Light travel ?me: ⇒ SN flow ?me:

For 𝜏 < 1 (op?cally-thin limit): con?nuum

t light ≪ t flow ⇒ steady-state (D/Dt = 0) For 𝜏 ≫ 1: t light ~ t flow ⇒ 'me-dependent (D/Dt ≠ 0)! t light ≈ τ ΔR c t flow ≈ R V = t exp t light t flow ≈ τ ΔR R V c ≈ τ

Depopula'on of level 3d

photoioniza?on collisional ioniza?on radia?ve emission collisional de-excita?on Auger ioniza?on

Popula'on of level 3d

⟷ recombina?on ⟷ collisional recombina?on ⟷ radia?ve absorp?on ⟷ collisional excita?on ⟷ dielectronic recombina?on (courtesy John Hillier) Butler (1992 Collisional data Mendoza ( 1983) Berrington et al. (1985) Lennon et al. (1985), Lennon & Burke (1994) Shine & Linsky (1974) Tayal (1997ab) Zhang & Pradhan (1995ab, 1997) Photoioniza?on cross-sec?ons Opacity Project: Seaton (1987) Iron Project: Hummer et al. (1993) Charge exchange cross-sec?ons Kingdon & Ferland (1996) Characterize devia?ons from LTE with departure coefficients

1 r 3 D(r 3 n i ) Dt = (n j R ji -n i R ij ) j≠i ∑
b i = n i n * i,LTE
at local (T gas , n e ) LTE recovered at op?cal depths τ ≫ 1 ; NLTE prevails at τ ≲ 5 

Formally

  linear, but solu=on requires solving a non-linear problem! dτ (courtesy John Hillier) Developped for radia've-driven winds of hot stars (O/B, WR)Ø spherically-symmetric (1D) ouilows Ø (I ν , χ ν , η ν , μ=cosθ, ν) measured in the co-moving frame Ø solu?on based on moment equa=ons(Hillier & Miller 1998) 

In

  300 for ΔR/R ~ 10 (or ρ(r) ~ r -10 ) V ~ 10 4 km/s χ ν (J ν -S ν )dν + Dε decay Dt ∫ Energy emiVed by gas = Energy absorbed from radia?on field e = e K + e I = 3 2 kT (n + n e ) Local Thermodynamic Equilibrium (LTE): n i = n i (T gas , n e ) In Non-local Thermodynamic Equilibrium (NLTE): n i = n i (T gas , n e , J ν )

  Processes popula?ng level iProcesses depopula?ng level i (i.e. n i = constant)In Local Thermodynamic Equilibrium (LTE): n i = n i (T gas , n e )In Non-local Thermodynamic Equilibrium (NLTE): n i = n i (T gas , n e , J ν ) level popula?ons (n i ) depend on radia?on field (J ν ) radia?on field (J ν ) depends on level popula?ons (n i ) ⇒ itera:on required (Processes = radia've & collisional excita?on/ioniza?on) (i.e. n i = variable) Atomic data are essen:al (and some?mes uncertain) Energy levels Na=onal Ins=tute of Standards and Technology (NIST) Oscillator strengths Nussbaumer & Storey (1983, 1984) Kurucz (2009) (hBp://kurucz.harvard.edu) Iron Project: Hummer et al. (1993) OSU atomic data group: Nahar (1995, 2010) Becker &

  

  

  

  

  

  

  

  

  

  

  

  

  N D = 100 depth points N f = 20,000 atomic levels (N trans ~ 2,000,000) N

	Typically:		(courtesy John Hillier) (courtesy John Hillier) Non-local energy deposi?on
				vs.
			(Dessart et al. 2011) Local energy deposi?on
			n i = n i,LTE	
		Energy (eV) Energy (eV)	Energy (eV) Energy (eV)
	3p 2 P o 3p 2 P o 3p 2 P o 3p 2 P o	1/2 3/2 1/2 3/2	8.84 8.90 8.84 8.90 Time ΔE = 0.06 eV ΔE = 0.06 eV	3p 2 P o 3p 2 P o
				Same departure Same departure
		𝛾-rays transported to	coefficient b i coefficient b i
	Si IV Si IV	inner and outer ejecta	
			outer ejecta	inner ejecta
	3s 2 S 1/2 3s 2 S 1/2	0.00 0.00	3s 2 S 1/2 3s 2 S 1/2	0.00 0.00
		3 full levels 3 full levels		2 super levels 2 super levels

f × N D = 2,000,000 simultaneous rate equa:ons! (coupled to RT eqns.) Typically: N D = 100 depth points N s = 2,000 super levels (N trans ~ 2,000,000) N s × N D = 200,000 simultaneous rate equa:ons! (coupled to RT eqns.) (Dessart et al. 2014) Significant impact at late :mes, when 𝛾-rays escape the ejecta

(Hillier & Dessart 2012)