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Why 3D radiative transfer techniques/models?

Classical view:
Low Mass High Mass

Convective

Convective

Radiative Radiative

stable (1D) envelopes and atmospheres
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Why 3D radiative transfer techniques/models?

spectroscopic observations: indications for 3D, time-dependent effects

SR [ 1 7 e R S LS L R R LA L L LB

Vmac = 102 km/s I 1 " -005 0 005 1 [ -002 0 0.02 ]
o e Optical absqrptlon D s | | |
£ (photospheric) 1o IR | - R
§ o0ss lines indicate very ]| ] :
| large (‘micro 1 I A
B ‘ / and/or) ] ] 1 :
5588 5590 5592 5594 5596 . , 8 i | [ l
A (&) macroturbulent {nf 1 o RN -
P I velocities 1| j
T 100F .+ s u3e o o ; 1al ; ;
o b CASR : s - AN S
g 80p, ‘BYy 1 e Optical emission bt T
560:— :'\ ‘..!oc 08, ¢ e.-: p . E T e, 19 G SR
Fawog % °;A$.;..::;.’.° ek (wind) lines o 1 b preees |
20F "’”%“ﬁ&m° : indicate line-profile : i Jiaf ]
DE. 2 g v g . 1 . . S R Rl T N i o 0 S O TS

45 40 ‘3'5|og z;f 25 20 Var|ab|l|ty -zoooe(kr?l » 2000 -2000£(k:: » 2000 -20006(“2 - 2000

Simon-Diaz+ 2014 Lepine & Moffat (1999)

3 KU LEUVEN



Why 3D radiative transfer techniques/models?

e Higher mass stars: can’t resolve surface (contrast to Sun)

e Need ‘quantitative spectroscopy’ to test models and compare these models
with observations

e Post-Processing 3D-RT packages building on Hennicker et al. (2020,2021)
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log(Rho (g/cm”3))

Which techniques and advantages

e 3D radiative transfer techniques
(building from Hennicker et al. 2021)
applied to the first 3D unified
atmosphere and wind simulations
of O-type stars.

e 3D model: Moving away from
'free parameter heaven/hell’
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log(Rho (g/cm”3))

Which techniques and advantages

3D model: Moving away from
'free parameter heaven/hell’

1D models | 3D models
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R Vmac | R
[Fe/H] | fcl [Fe/H]
\/ Sln | fvel . -40 ' '
: No micro-/macroturbulence s
H . LT /,/';32 i‘i;»\*g\.
v vel added in spectral line 72N
Ve formation! » ¢ ¢ % o=z v =

‘ KU LEUVEN




O-star view from orbit

Emergent Continuum Intensity dt [sec] = (5)

0 e Emergent intensity (surface
P— brlghtngss) at one frequency point in
the optical continuum (LTE)
r 50000
4565 e HUGE fluctuations across surface in
- emergent radiation temperature
45000|§
42500 e \We cannot resolve surface of O-stars

(contrast to Sun) => Need of flux
40000 profiles for full star (not just patch!)

37500
e Transition: 3D box to sphere

35000

xy-axis/Rstar = 0.2
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https://docs.google.com/file/d/1j2P5PAhMlBRDR5q1QRzzy2k6n1y3lLBf/preview

Constructing 3D spherical model
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Radiative transfer: equations

e Time-independent equation

of radiative transfer: nVIv =Ty _XvIv — Xy (Sv - Iv)

lv = specific intensity ; nv = emissivity ; Xv = opacity ; Sv = nv/Xv = source function

5 (obj)

cac

(ray)
z{ray) Zac

2 Rmax
e Emergent flux profiles: | F, = % f I, (p,{,Z = Rmax) pdpd{
0 0

e specific intensity |v used for surface brightness
(pz geometry)

Hennicker et al 2022




Surface brightness/emergent flux profiles

continuum intensity (emission minus continuum) intensity total emergent intensity
401
0.001
0.002 20 1 0.002
§ 0 0.000
0.001 0.001
—20 1
—0.001
0.000 —40 — - - 0.000
—25 () 25
X|[R]
At an average <1> = 2/, Temperature 38 kK
Mstar_Msun 58.3
Rstar/Rsun 16.3
log g star 3.78
Mass loss 1e-6 solar mass/year
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Results: High res O4 line profiles

No micro/macro- turbulence:

. O 5594
=> natural explanation A Angstrom)
‘extra broadening’ 5592 5596
observed in O-stars 1.00 p==sszmrym=r
v =0 lines very narrow  (.95- it A
=> need extra ad-hoc % ‘“ﬁ"
broadening 1D model & 0-90- i
atmosphere codes = 0,851 |
EW (3D) > EW (v = 0) "

0.80 - i
1D codes for g
spectropscopy: 200 0
3D abundance correction? Av(km/s)

microturbulence?
To be explored

11

C 5697

An strom
06 5700

L) qeemmmpeey -"-;‘=--

3D model
<1D>v=0

N 4059

)\(An strom)
4008 4060

_____ e
»7

/

4

4

1.0 1

——-=::—1
\

\

-

)
o
o o ——————— i —— - ——

e ol T e S——
A

F tot/ F cont

(.8 1

200
Av(

(-

—200

™

S
~
O

KU LEUVEN




3D model
<1D>v

C 5697
Angstrom

;

A
o6

C 1548

A ,(A-ngst-'r'om

O 5594
Angstrom

A

H beta 4863
)\EA-ngst'r‘om)
4860 4865

)

strom
0

H alpha 6565

80

g

15%0

g

(

g

A éA-n-

=0

57

5

1540

i3

5592

657

260

— o
HOD 10
roo g [

—200

i
]
i __—
kg
1257
I N\
1 W
cee—gem—ooooee O
fogee
17
Iy
]
11
I
! =
o 3N oo N
— = )
.\v:.c".w \ .\QE
o
i [
LD
._ (&N}
i |
I
Fal
21
(.l
F —m (e
! \
I \
I A
} 1
1 7
it —
L v}
- e S
¥ Yol
’ ! TGN
() ' ()
— - (o)
JUOD RN \NSHN
[
[
] [aN]
A _
41y
I\
- N
b 8%
-
e e
el
1/
117
]
i
1 =
t T T =
— < o
20D T \.JS.WN
(@)
10
1 N
N _
11 /I
1 III
1 S~
R L T rnl P
R el
S |
==Z_ o=
- pl,
e
o
17
41
ir
. o
f T T LD
— o &
200 r@ \.JNS
<
c
“ L0
i |
I
Ht
e
rlllllllll.l.i.ﬁﬁl.\.
ﬂ.._ ......... o [ O
i, 577
17
)
"
)
] o
7 —
—~ oo 10

Av(km/s) Av(km/s) Av(km/s)

Av(km/s)

Av(km/s)

T =N
| |
£2 I

S O I\
LY ==F [ >
SR e | -
3 S0 R TR e e =
= 21
s
~ i =
ﬁS..WN \f..E
e
—~ F el
LR _
55 5% N
x|
s g PRI Y
n e e D)
<t & n.u:nuunnnuvuu.v
[} n% ! BT
I /AM.\PO 1 “\\
a .
= "_. ML

’ . . N

SR

— (&) &=

,_N:Qw \wawr‘w
2 N
e _
== |y
3 O 1N
N~ g “ /ll
i S e CEER . e
< ‘.IJ..D _l||\|\k ||||||||||| =
L £ | <o
=5 if
~— "
(] 1
=gl =
Y & g N
— = =
..,N.:.o.‘w \MSHN
J &
= [h |
™ S “/
(Y ) 1! S
S50 e 5
N R o
s N = recemea—i) =
3 [
O £ ) .“\\
T3S |
~ ! =

; =

= (9] oC N

= 3 S

ﬁ.moorrN \»8
XN
T _ﬂf _
£ _|iN
(@) () ] “ N
N o | S
LY LD [ aaa >
£ geasams
O ﬁﬁo o [
i IIII\I\
o |
I =< il
<o |}
L : =
© o N oo N

s
0D r,N \.JSMHN

Av(km/s) Av(km/s) Av(km/s) Av(km/s)

Av(km/s)

C 5803
A(Angst:
580% e rf)%%%g

i

3640

N 4642
M Angstrom

4640

He 5413
Tom)
5415

(Angst

A
5410

N 4605
M Angstrom)
4604" 4606

1
]
=
—

D

o
.JESRN \ wcm

—100

W,
1
_/
(BN
I
1 N
rlllU— ||||||||||||
|||||||||||||||
’
17
1’
dn
1
1
1
T T T
(=) D oG
— < =
ﬁ;conw\wﬁ
T
n
_/
1
Il %
| “ng
1 llI
''''' -~
== S "
P BERE |
P
-
|+
1¢
n
]
41
“ T T
o (@) <L
— o =
]
1
]
n
"
141
1\
1y
Wi e e e i
e e o T
Is
1
qnw
1
1
1
1
|
= (=N
A

2100 0
? ] \ # Q

—_—
—
—_
—
N

200

0

100

Av(km/s)

Av(km/s)

Auv(km/s)

Av(km/s)



Summary

e 3D-RT package to explore effects on spectra (Multi-D O-star atmosphere with wind
models)

e \Very turbulent atmosphere, large velocity fields and density variations also in
photosphere

e Unlike 1D-atmosphere codes no micro- or macroturbulence needed

e Observed (high-resolution, high S/N) line widths, shapes, and shifts might be used
as critical tests

e Relative 3D effects on chemical abundance and stellar parameter derivation to be
explored (See also talk by Gemma Gonzalez)
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Supplementary slides
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Radiative transfer: equations

e Time-independent equation

of radiative transfer: nvVIL,=n,—xvI,=x,(S,-1,)

lv = specific intensity ; nv = emissivity ; Xv = opacity ; Sv = nv/Xv = source function

e angular moments of 1
ific 1 I : J = I dQ) = _E s
the specific intensity y A BV
Jv = mean intensity ; Hy = Eddington flux H, = ! I,ndQ = ipv,
Kv = 2" moment ; Py = radiation pressure 4r 4r
V —_ - V —_ . 1
Fv = flux ; Ev = energy density K, = — sl A= —Pv,
47T SN—— 47T
dyadic product
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Radiative transfer: equations

Solve radiative transfer (in a pz-type geometry) to obtain surface brightnesses/
emergent flux profiles

e To get emergent intensity: formal integral

- Get emergent intensity at each point on surface for each frequency: solve
RT equation

- For this you need: opacities AND source functions at all spatial points
- Assumption: opacities (line and continuum) and source functions can be
calculated locally for a given 3D structure (temperature, velocity, density)

e To get emergent flux: angle integration over projected surface

Post-Processing 3D-RT packages building from Hennicker et al. (2020,2021)
Line opacity method: Poniatowski et. (2022)
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Radiative transfer: equations

e Assumptions LTE: opacities via Saha-Boltzmann relations and source
functions via planck function

e Assumptions aNLTE: it approximates NLTE deviations from LTE by a local
approach, it modifies the Saha-Boltzmann relations when computing number
densities (refs, Lucy & Abbott 1993, Springmann & Puls, ‘fastwind’)

e For full NLTE (NOT IN USE YET, much more time consuming):
source functions DEPEND on Jy (zero angular moment). Need to solve RT
equation for |y and angular moment to get Jy for ALL points in atmosphere.
THEN with this new Jyv update values for Sy, repeat process. Done until Sy
converged: Lambda iteration (accelerated technique: accelerated lambda
iteration (ALI)). Built in for a source function containing scattering.

Post-Processing 3D-RT packages building from Hennicker et al. (2020,2021)
Line opacity method: Poniatowski et. (2022)
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Modelspec:

LTE VS aNLTE
o Continuum opacity: o Continuum opacity: .
Use Thomson scattering opacity Use Thomson scattering opacity

e Line opacities: aNLTE (modifies
the Saha-Boltzmann relations
when computing number

e Line opacities: LTE
(LTE opacity package by

Poniatowski et. (2022)) densities), (updated from LTE
_ opacity package by Poniatowski
e Continuum source function: et. (2022))

Planck function | |
e Continuum source function:

« Line source function: Planck function (T_rad)

Planck function e Line source function: Planck

function with aNLTE modifications
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Model 3 Average velocities
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V = 0 averaged in modelspec
V =v_av averaged in modelspec
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log(Rho (g/cm”3))

Which techniques and advantages

NS ==

3D model: Moving away from 'free parameter heqvn/hll’

30

-8

Input parameters (1D and 3D):

M, L, R1 [Fe/H], V Sin i : iy | : ;:__';:_59“_';‘?:‘:“" . o2 ';»:-'1.'1,";‘:':";;,

Additional (free) parameters in 1D: Parameters defining the presented
3D models:

- Global wind parameters: M, v,

- Vmic, Vmac, wind structure (fcl, fvel, M, L, R, [Fe/H]

vel, ...)
No micro-/macroturbulence added in
spectral line formation!
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Toward spectral analysis with 3D model atmospheres
Lara Delbroek

e 3D-RT package to explore effects on spectra (Multi-D O-star atmosphere with wind models)

e \ery turbulent atmosphere, large velocity fields and density variations also in

NS ¢« o B8 .+ .4 1IN e 3D model
""" <1D>v=0
e NO micro- or macroturbulence needed O 5594 C 5697 N 4059
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