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e microcourse “solar spectrum formation”
— photonic processes

— NLTE lines and contina
- NSE

e modeling “haze” lines
- methods

— demo: FTS versus RH

e modeling network/plage “fluxtubes”
— methods

— demo: 1600 A versus 1700 A

e fo do for spectral irradiance modeling
- haze: define tractable recipe

— fluxtubes: 3D(t) MHD with NLTE synthesis
- caveat: hydrogen NSE
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SOLAR ATMOSPHERE RADIATIVE PROCESSES

e bound-bound - k,,S,: CE, LTE, NLTE, PRD, NSE?
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SCHEMATIC THICK SOLAR LINE FORMATION

extinction: symmetric bb peak in «, becomes lower and narrower with height
optical depth: 7, = — [(a}, + o) dh increases roughly log-linear with geometrical depth
source function: split line (bb) and continuum (bf, ff, electron scattering) processes

intensity: Eddington-Barbier Iy, ~ Sy(r\=1) for St°al = (a5 S5 + ol S4) /(a5 + af)
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LINE FORMATION AS SEEN BY THE ATOM

two-level pairs
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e pair combinations

— beam of interest to the right

- a/d + e = collisional destruction / creation of beam photons
- b+h/f+i+]scattering & detour photons out / into beam (c, g cancel)

e equilibria

- LTE: a +d + e dominate; bb Boltzmann f(T), bf Saha f(T,N,)
- CE: donly; bb f(7,N.), bf f(T)
- NLTE, NSE: scattering and/or detours important; bb and bf f(T', N., , Ju, Jij, Jic) [t]

e line extinction and line source function

- ol = a*+ o + o' absorption + scattering + detour extinction

- ¢ =a*/a' destruction probability
- S'=00—e—n)J + eB(T) + nS¢ J: mean mean intensity  S?: all detours

n=a/al detour probability



KEY LINE FORMATION EQUATIONS

population departure coefficients

LTE LTE
by =ny/ny by = ny/n;

Zwaan: n*TF = Saha-Boltzmann fraction of N Harvard: n/n. (main stages ~ 1/b,.)

general line extinction and line source function

2 2 LTE 2
! mes ATy bu X' _pesair 1 _ 2hce P/p
= ) NuAd fug |1 — 22 Sl =
Q) —— ! Ny 1 Ael frup b o e A 5 ﬁehc/AkT_K
by %
CRD approximation: v = y = ¢ Wien approximation: neglect stimulated parts

ot =y oMM S'= (b, /b)) B(T)
PRD: Lya, Mgllh &k, CallH &K, strong UV Wien: up to Ha (A\T'=hc/k at 21 900 K)

probabilities per extinction of collisional photon destruction and of detour photon conversion
a? d

a
o’ + a2 + ad "

& d
o+ a4+«

line source function (for CRD, monofrequent for PRD)
St=(1—e—n)J + eB(T) + ns¢

“source” = local addition of new photons into beam per local extinction in terms of energy
J = (1/4m) [[Io dS2dX reservoir e B thermal creation nS4 detour production
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NLTE IN ULTRAVIOLET CONTINUA
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e ultraviolet bound-free edges produce scattering continua with S ~ J > B from:
— upper-photosphere T'(h) gradient defined by radiative equilibrium for the bulk = optical
(all quiet 1D models ~ RE model, e.g., Kurucz)
— deep thermalization depth; above it S ~ (1 — a)J + aB as in two-level scattering
— A operator (wide averager of S into .J) produces larger J > S excess for steeper S(7)
— B(h) steeper at depth following 7°(k) and in ultraviolet from Wien nonlinearity

e corresponding b; /b, ratios for main edge providers (Mgl, Fel, Sil, All) show increasing
neutral-stage population depletion across photosphere and steep boost in chromosphere
because b. ~ 1 (ions contain most of A,))

e lines of Mg |, Fel, Sil, All tend to have:
- outward increasing NLTE extinction deficits in photospheric temperature declines
- outward increasing NLTE extinction excesses in chromospheric temperature rises
worse for steeper deep temperature gradients (e.g., granule centers)



NLTE IN WEAK Fe | LINE (6301.5A, multiplet 816)
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e left: b, opacity decline from photospheric Jyy > Byy compresses 7 scale around 7=1

e right: S~ B atr=1because b, < b = S < B split starts higher up

e source function: in two-level description this line sc

S < B, but Fel has very rich term structure in which most optical Fe| Ufiraviolet

lines are subordinate and forced to b, ~ b, through u
with stronger, more opaque UV lines

atters with deeper

pper-level sharing

,:'forbidden



NLTE IN STRONG Fe | LINE (3859.9 A, multiplet 4)
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left: b, opacity increase from chromospheric Jyv < Byv extends 7 scale around 7=1
right: S < B around 7=1 because b, < b = S < B split starts from deep thermalization
two-level description works well, no multi-level detour interlocking

such strong lines force b, =~ b, across the photosphere for weaker upper-level sharers



PARTIAL REDISTRIBUTION (Ly«, Mg 1l h &k, CallHK, strong UV lines)

outer wing: deep formation
collisional redistribution already
in atom frame

inner wing:
radiation damping
coherent in atom frame
Doppler redistribution narrow core: Doppler broadening
coherent in atom frame

Doppler redistribution in observer frame

oo py

e Doppler core: monofrequent (“coherent”) scatttering per atom in its moving frame;
Doppler redistribution over parcel Doppler width for observer (snag: microturbulence?)

e inner damping wing: Heisenberg = coherent scattering with Doppler redistribution
e outer damping wing: collisional damping at high density = complete redistribution

o if the line is so strong that radiation damping dominates in the inner wings (high forma-
tion at low collider density) then the inner-wing photons are independent Doppler-wide
ensembles with their own line source functions

e inner-wing line source functions decouple deeper from the Planck function than the core
source function due to smaller opacity: they represent weaker lines

e the PRD core source function decouples further out than for complete redistribution be-
cause core photons cannot escape from deeper layers via occasional wing sampling



B, J as temperature

SUMMARY 1D SCATTERING SOURCE FUNCTIONS

CONTINUA

B, J as temperature

e continua
- optical: J ~ B for radiative equilibrium
— ultraviolet: S ~ J > B — overionization of minority neutrals
- infrared: J < B but J doesn’t matter since H; and Hg have S = B

e lines
- dB/dr = dB/d(7¢ + ') much less steep, so closer to isothermal S ~ \/z B

— for stronger lines S sees more of the model chromosphere
- PRD lines have frequency-dependent core-to-wing S =~ J curves like these



NON STATISTICAL EQUILIBRIUM (AKA “DYNAMIC IONIZATION”)

e nature
- SE (statistical equilibrium): population equations (rate equations) sum to zero = all

populations and radiation defined instantly; NSE: non-zero sums = memories

— bound-bound relaxation time = equilibrium settling time to new temperature: at small

net radiative bracket (large radiative rates that nearly balance) Boltzmann sensitivity
from Ci,= Cui(91/9.) exp(—Eyw/kT): slowest for strongest EUV lines at low T

e hydrogen
- Ly« closely in detailed radiative balance due to enormous opacity; collisional balancing

to reach SE takes minutes in gas cooling below 8 000 K

— hydrogen ionization/recombination occurs predominantly in a faster Balmer loop from

n = 2 and follows Ly« settling: Ly« is the NSE culprit (= “NSE Lya balancing”)
key hydrogen NSE demonstrations:
— 1D RADYN HD shocks: Carlsson & Stein 2002ApJ...572..626C
— 2D Stagger MHD shocks: Leenaarts et al. 2007A&A...473..625L
— 3D MHD+GOL spicules-ll: tbd = Bifrost? MURaM? Mancha?
other elements:
— He: Hel584 A candidate but competition from downward irradiation; others: tbd

e effects on spectral irradiance

optical: don’t bother, too deep =100 dense

ultraviolet: electron density boost at partial hydrogen ionization (10® at 10%) is highly
NSE-sensitive to dynamic cooling (RRC: only NSE dynamism explains Ha)

submm and mm: idem, affecting H 1 ff extinction (RRC: ALMA will show Ha-like)
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Opa

temperature [K]

MODELING THE LINE HAZE FOR SPECTRAL IRRADIANCE

152.5
168.2

‘ ! Bruls opacity fudge 1992A&A...265..237B
Ll e — fit MULTI output VALIIIC to VALII data
— multipliers to bound-free metal and H™ opacities

Avrett grosso-modo scattering trick 2008ApJS..175..229A
— post-VALIIlI models less steep photosphere from Kurucz lines
— no Kurucz reversals from imposed S=(1—\)J+ AB

ALC7 haze fudge A

S

1000 1500 2000
height [km]

Uitenbroek RH options
— Bruls / Kurucz lines LTE / Kurucz lines 2-level
— FTS versus RH

Fontenla brute-force solution 2015ApJ...809..157F
— very many lines in detalil

— good result but ony doable for 1D model

e suggestions for massive spectral synthesis (RH 1.5D7)
— distill Bruls-like fudge from Fontenla et al. results

— impose strong-line b departures from schematic Fe-like model atom


http://adsabs.harvard.edu/abs/1992A&A...265..237B
http://adsabs.harvard.edu/abs/2008ApJS..175..229A
http://adsabs.harvard.edu/abs/2015ApJ...809..157F

MODELING NETWORK/PLAGE MAGNETISM FOR SPECTRAL IRRADIANCE

e golden age of fluxtube modeling = hole in surface
- Zwaan — Spruit: idealized magnetostatic fluxtubes

- Stenflo — Solanki — Keller: unresolved FTS polarimetry
— Steiner — Keller — Carlsson: realistic MHD simulations

e bright-point enhancements = hole deepening
- CH G-band, CN 3883 band: dissociaton

- Felline gaps: ionization
— Balmer line wings: small collision broadening
— Mnlline cores: large hyperfine broadening

e dark age of 1D irradiance modeling = down the rabbit hole
— “chromospheric cloud” = “photosphere heating”

— FALP > FALC fudge = SATIRE (ADS N39 H13)
- 1600A—-1700A [SST/CHROMIS Call K wing scans]

_— e coming age of simulation irradiance modeling = of age
" ~ 1D = 3D abundances (“pre/post Asplund”)
A T _ first step: MURaM with LTE

' L T S _ to do: 3D(t) MHD with NLTE, line haze, H NSE?

Limb distance, M
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NON-EQUILIBRIUM HYDROGEN IONIZATION IN 1D SHOCKS

Carlsson & Stein 2002ApJ...572..626C

I E—

 §

n=1

atom top ~ 3.4 eV alkali: NLTE-SE ionization loop

— driven by photon pumping Balmer continuum,
scattering from deep, ~5300 K, smooth

— closure by photon losses in n, lines

atom bottom actually up to 10eV: non-E Ly«

— tremendous scatttering from small ¢

— tremendous opacity from huge H abundance

— small structures already detailed radiative balance
— non-E: fast settling at high T, slow at low T

RADYN code: 1D(t) hydrodynamics, time-dependent, NLTE radiation, simple PRD
observed subphotosphere piston drives acoustic waves up that shock near ~=1000 km

Ly« scatters in radiative balance and controls n=2. Within shocks S ~ J saturates to B
from radiation lock-in (increased ¢ from partial hydrogen ionization) so that b, ~ 1

collisional Ly« balancing has Boltzmann temperature sensitivity: fast (seconds) in hot gas,
slow (minutes) in cool gas, resulting in retardation: post-shock cooling gas maintains the
high n, shock value at increasing b, during minutes, up to huge overpopulation (b, ~ 10'%)

ionization from n=2: instantaneous statistical-equilibrium balance driven by Balmer con-
tinuum J # B and closed by cascade recombination, with b..,: /b2 ~ 107! in hot and ~ 1073
in cool gas, the latter adding to much larger retarded b,

between shocks hydrogen remains hugely overionized versus SE and LTE predictions


http://adsabs.harvard.edu/abs/2002ApJ...572..626C

DETAILED BALANCING

) Hydrogen ionization/recombination relaxation
ke timescale throughout the solar-like shocked Ra-
dyn atmosphere. The timescale for settling to
5 equilibrium at the local temperature is very long,
8 15-150 min, in the chromosphere but much
. shorter, only seconds, in shocks in which hydro-

gen patrtially ionizes.
Carlsson & Stein 2002ApJ...572..626C

net radiative and collisional downward rates (Wien approximation)

(
Ny Ry — Ry, ~ h_l/(] ng " byoy,, | By, — b—J,,O zero for S = J, no heating/cooling

nuCui — 1Chy = mChy (Z—“ - 1) = by Chy (1 — f—’) zero for b, = b;, LTE S'
l

u

dipole approximation for atom collisions with electrons (Van Regemorter 1962)
E : —1.68 a
Cu =216 | —= T32Z N,
l (kT) Gu d
Einstein relation

Olu - C(ulﬂ e_Eul/kT

Gu

C., is not very temperature sensitive (any collider will do); C;, has Boltzmann sensitivity


http://adsabs.harvard.edu/abs/2002ApJ...572..626C
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NON-E HYDROGEN IONIZATION IN 2D MHD SHOCKS

Leenaarts et al. 2007A&A...473..625L

“logp [g em”]
12 9
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in shocks Ly« has S~B from high T (fast balancing) and N, (10% H ionization)
retarded collisional balancing in Lya: n, hangs near high shock value ny ~ ni™®
gigantic post-shock n =2 overpopulations versus LTE (“S-B underestimates”)
yet larger post-shock overionization from hydrogen-top Balmer balancing

no Lyman RT: green arches artifacts, no lateral NV, boost from Ly« scattering


http://adsabs.harvard.edu/abs/2007A&A...473..625L

RECENT DEVELOPMENTS IN PRD LINE SYNTHESIS

RH code: Uitenbroek 2001ApdJ...557..389U
- Rybicky & Hummer: not A(S) but ¥(5) iteration; preconditioning
- overlappping lines
- 1D, 2D, 3D, spherical versions

RH 1.5D: Pereira & Uitenbroek 2015A&A...574A...3P
- 1.5D = column-by-column

- massively parallel
— also molecular lines (but Kurucz lines in LTE)

angle-dependent redistribution: Leenaarts et al. 2012A&A...543A.109L
- good summary PRD theory and equations
- non-stationary atmosphere requires angle-dependent PRD
- hybrid approximation:  transform to gas parcel frame, assume angle-
averaged PRD ( =~ angle dependent from deep isotropy), transform back

towards Bifrost PRD: Sukhorukov & Leenaarts 2017A&A...597A..46S
— hybrid approximation for small memory

— linear frequency interpolation for speed
- 252x252x496 grid, 1024 CPUs: 2 days for Mg Il k ~ doable

next: 3D PRD with multigrid (Bjergen & Leenaarts 2017A&A...599A.118B)


http://adsabs.harvard.edu/abs/2001ApJ...557..389U
http://adsabs.harvard.edu/abs/2015A&A...574A...3P
http://adsabs.harvard.edu/abs/2012A&A...543A.109L
http://adsabs.harvard.edu/abs/2017A&A...597A..46S
http://adsabs.harvard.edu/abs/2017A&A...599A.118B
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ULTRAVIOLET CONTINUA IN FALC AND FALP
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Fe13859.9 A IN FALC AND FALP
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« two-level description works wll, o mult-devel detour interlocking

. in
5 < B, but Fel has very rich term structure in which most optical Fe| %! « inner-wing lmniuuml functions decouple deeper from the Flnrm function than the core
o - o sueh . o smaler cpaay
withstronger, more cpage UV nes e cap:
cause ph ng sampling
SUMMARY 1D SCATTERING SOURGE FUNGTIONS NON STATISTICAL EQUILIBRIUM (AKA “DYNAMIC IONIZATION') MODELING THE LINE HAZE FOR SPECTRAL IRRADIANCE
« nature
CoNTRUIA -se miozor0 = a1 « Bruts opaciy udge 1992484 265.2378
f e ol aon et sy . onzer s = morn ) g ~ B MULTI output VALIIC 10 VAL data
] g wikbrium wsna
§ é M liﬂ\ilm bracket (large Yiﬂlilws rates that nearly balance) Bﬂllzmirm ‘sensitivity YNy 1o Bovec diee metel ancl 1~ opaciies.
= 8 M Cly = Cular/gu) exp(—Ew/KT): slowest for strongest EUV lines at low
H N o Avrett grosso-modo scalteing rick 2008AS. 175,294
S 3 = hydeogen - Post-VALI modelsless sieap photosphere fom Kurucz nes
1o reach SE takes minutes in gas cooling below 8000 K. ORI el o poiecl 3 (e S EAS,
- hycrogen ionzationsrecombinaton occurs predominanty i a aster Baimerlogp fom N U
n =2 and follows Lya settling: Lya is the NSE culprit (= "NSE Lya balancing’) o b Brul R: i lines LTE / Kus lines 2-evel
Jpe s - key hydrogen NSE demonstrations: "~ Oruls { K ows: ekt
" = 1D RADYN & 20028p1..572.626C - FTS versus AH
- optical: /= I fo radtive equiibrium Z 2D Stagger MHD shocks: Leenaars ot a. 2007A&A. 473..625L H g2
- ulaviolt: 5= 1 > 5 averionization of minory neutrals = 3DMHDAGOL spiculesI: t5d — Birost? MURaM? Mancha? « Fontenia brute-orce soltion 2015451 609.157F

~ infraed: < 1 but  doesn' matter since H; and Hy have S = 5 i T ~ very many ines indetail

 tnss L obers: (bd - good result but ony doable for 1D model
S ool « eficts on specral inatance
B/ = dBJd(r" + ) much less toop,so coser 0 sothermal 5 = 7 1 e = ind o e o s s G I LB
- foriongar nes § sees more of the model cvamosphere i ltoncorey ot o gl e ncson (10 1% - dstil Btk fudge rom Foniena o al. resuts
~ PRDIines ——— (ARG o s Ho) -

1 0 1 1 ~ i o o aoing 1 it (G ALWA vl show ke 1 2
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MODELING NETWORK/ PLAGE MAGNETISM FOR SPECTRAL IRRADIANCE

« golden age of fluxtube modsing
/ - Zwaan - Spruit - dealized magnetostatic iutubes

- Stenflo - Solanki - Kelle: unresoived FTS polarimetry

- Steiner - Keller - Carisson: realstic MHD simulations

« bright-point enhancements  hole deepening
- CH Gband, CN 3883 band: dissociaton

- Felline gaps: onization

NON-EQUILIBRIUM SPECTRUM FORMATION AFFECTING SOLAR IRRADIANCE

Fob Ruten
Lingezicht Astrophysics Deil & Instiutt for Teoretisk Astofysikk Oslo
lecture displays 1tp:/ /i

« microcourse solar m formation”
- photonic processes
- NLTE lines and contina
- NSE

\ - Balmr ing wings: smal colision roadening « moceing aze*nes
- ~ Mn'line cores: large hyperiine broadening - methods
- domo: FTS versus B
- dark a0 of 1D inaciance madeing — down the acot roe e et
" cromospherc loud” -+ ‘hclosphors haing’ S PN e/ e
- FALP - FALC fudge = SATIRE (ADS N39 H13) =3
o S {ADS 108 H1) - demo: 1600 A versus 1700A
~ 1600A~ 1700 [SSTICHROMIS Gall K wing scans]
« 100 for spectalractance modling
« coming age of simlaton isciance modeing -~ of 390 - haze: e raciatie rece
~ 10 - 30 abundances (prepost Aspu) ~ hotubes: 30() MHO win NLTE synhesis
st fop MURaM i LTE canatiiyeropeniNGE
M - 10.o: 3D(Y) MHD with NLTE,line haze, H NSE? 1 4
DETAILED BALANCING NON-E HYDROGEN IONIZATION IN 20 MHD SHOCKS
e e it Loonaartsotal. 200748..473.625¢
tmescale troughou i solar ke shacked Fia -
fyn atmosphere. The timescale for settling fo - - 2 2
equibram a th local emperatre i very org,
15-150 min, in the chromosphere but much
‘shorter, only seconds, in shocks in which hydro-
gen partaly onizes
Carson & Stein 0024 572.6260
el
et
e = il 2o ) 2600 for § ~ 7, no heatingleooling L ol .
=i (1) =6 (1-2) smoken b, TES

-

Einstein reltion

e

1962)

o y
TR N, g
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eoal |

« i shocks Lya has 51 from high 7 (fast balancing) and ., (10% H inizatio)
. i 1 hangs near ig i
. e

« yet Larger post-shock overionization from hycrogen-iop Balmer balancing
+ o Lyman RT: green arches artiacts, no lateral X, boost from Lya scaftering

log®)

ULTRAVIOLET CONTINUA IN FALC AND FALP
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Fel6301.5A IN FALC AND FALP
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NON-EQUILIBRIUM HYDROGEN IONIZATION IN 1D SHOCKS

atom top ~ 3.4 0V akali: NLTE-SE fonization loop

~ driven by photon pumping Balmer continuum.
scaering from doep, ~5300K, smooth

- closure by photon losses in , iines

carooon 8 S 2024 5726250
e
il
I i, atom bottom actually up o 106V: non-E Ly
Il  venaedn sty o e rcancs
et eyt ke i
e s sowaion T
« BADYM and: 1000 dmanice S cepncent, AT rcaon, il PRD
e s s
« Lya scatters in radiative balance and conirols » = 2. Within shocks S =~ J salurales 10
ot ——

1000 km

ting in retardation: post-shock
high (b2~ 1010
« lonization from = 2: instantanous statistical-equilbriu balanco driven by Baimer con-
tinuum J 4 13 and closed by cascade recombination, wih .../, = 10-"in hot and = 10°*
n cool gas, the later adding to much larger retarded i,
. hydrogen

d LTE predictions

REGENT DEVELOPMENTS IN PRD LINE SYNTHESIS

« AH Gode: Uitenbroek 2001ApJ., 557, 369U
- Rybicky & Hummer: not A(S) but ¥(j) teration; preconditioning
- overlappping fnes.
- 1D, 2D, 3D, spherical versions.

« RH 1.50: Poraira & Uitenbrosk 2015A8A..5744. 3P
- 15D = column-by-column
- massively paraliel
- also molecular lines (but Kurucz lines in LTE)

‘angle-dependent redistrbuion: Leenaarts et al. 2012A3A..543A.109L
- good summary PRD theory and equations
- non-stationary atmosphere requires angle-dependent PRD.
- ybrid approximation:  transform 10 gas parcel frame, assume angle-

averaged PRD (= angle dependent from doep isolropy), transiorm back.

« towards Bifrost PAD: Sukhorukov & Leenaarts 2017ASA..597A. 455

- hybrid approximation for small memory

- inear frequency interpolation for speed

- 25242624496 rid, 1024 CPUS: 2 days for Mgll k =~ doable

 next: 3D PRD with multirid (Biorgen & Leenaarts 2017A3A. 599A.1738)

Fe13859.9A IN FALC AND FALP
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