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SOLAR SPECTRUM FORMATION: EXAMPLES
Robert J. Rutten

https://webspace.science.uu.nl/~ruttelll

thin: cloud modeling corona chromosphere Rydberg per ALMA?
thick: UV line flip VAL3C temperature VALS3C spectrum Kurucz stars

photospheric lines:  inversions bright points reversed granulation NalD1 MGs
limb emission lines

continua from VAL3C:  Avrett models versus 3D MHD VAL3C continua
VALII budget hydrogen budget all

lines from ALC7: model optical spectrum ultraviolet depletion hydrogen
strong lines plot formats pops plot BSJ plot profile plot Mg 14571
Fe 16302 Mg I b, Nal D, Ball 4554 Call8542 A Call K Mg Il k
Lya Hao HS He 1584 He 110830 canonical Ha Nal D;—Mg | b,
Lya—Ha Ha—Call 8542 A Call K-Mgl k versus FCHHT-B ALC7-FALC
FALC—FALP ALC7-FALP

detour lines: pumping suction
Oslo-simulated dynamic atmosphere: 1D RADYN 3D Bifrost Bifrost line synthesis

LA-conjectured PSBE atmosphere:  non-E Ha aureole boosting Ha extinction
CE-SB EBs spicules-I| contrail ALMA non-E chromosphere?

IRIS diagnostics: overview diagnostics
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CLOUD MODELING

) Q review: Tziotziou 2007ASPC..368..217T

Formal solution for line of sight (LOS) through irradiated cloud

I, =1,0)e™ + / "8, (1) e ™) dr,
0

Homogeneous cloud, Gaussian broadening, parameters Io(A)), S, 75, LOS v

AN — )\Ov/c)2

I(AN) = Io(AN) e 73N 4 S (1 — e73Y) T(AN) =Ty e < Adp

I(AN) — Io(AN) ( S

C(AN) = RS = Ay 1) (1— e7(V)

Refinements: Voigt, 7-dependent S, wavelength-dependent S (for PRD with S ~ S7)

Interpretation: S = (T, p)
— Beckers 1968SoPh....3..367B: Giovanelli NLTE hydrogen ionization tables
— Molowny-Horas et al. 1999A&A...345..618M: “inversion” from many model profiles

Problems: impinging profile, sideways irradiation, multi-thread
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Ha CLOUD MODELING

Rutten & Uitenbroek 2012A&A...540A..86R
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Ha-Ha formation: the Kurucz and FCHHT-B models both reproduce observed Ha
cloud modeling: 1, = I,(0) e™™ + fOTﬁ S, (t,) e~ () dt,,

new recipe: for the impinging profile 7, (0) take the outward I, profile in a RE model
at the depth 7, which equals the cloud thickness 7, (dotted profiles)
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lines from ALC7: model optical spectrum ultraviolet depletion hydrogen
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IRIS diagnostics: overview diagnostics
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SOLAR ECLIPSE VISIBILITY

disk ) mP H.C. van de Hulst

hazy sky

blue sky

K (maximum)

sky during totality

..............................................................

1r/RO

e dusty sky has 0.1-0.01% of the solar brighness (10~2—10-%), brighter closer to Sun
e “coronal” blue sky (Rayleigh scattering) is one millionth (10~%), even distribution across sky
e during totality the sky brightness is only one billionth (10~?), less than the coronal brightness
e “K” = continuum component, “F” = Fraunhofer component, “E” = emission-line component
start @ earthshine (1071°): new-moon brightness from full-earth-with-spot irradiation index


http://www.peterdenhartog.com

CORONAL WHITE LIGHT

Walter Grotrian (Potsdam, 1931)
white = Thomson scattering of photospheric photons by free electrons
weak = low electron density (electron cross-section only 10~2° cm?)
absence of photospheric Fraunhofer lines = washed out by large Dopplershifts
required electron speeds 4000 km/s [ = if motions thermal: 1 million degrees 1?]

linear polarisation from right-angle scattering
fine structure maps variatons in electron density dictated by magnetic fields

the F component further out results from photon scattering by slower-moving inter-
planetary dust particles; its spectrum shows the photospheric Fraunhofer lines

Appreciate that during totality you are illuminated by normal photospheric light — but only a

107 fraction bounced around the moon, without Fraunhofer lines, and polarized too!
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WHITE LIGHT CORONA
M. Stix “The Sun”, Section 9.1.3
o fimb

............................................

r/RO

Grotrian (1931): Thomson scattering 8000 km s~ electrons

2oyt I :2/00' d :2/00—”(”) d
p y (x) i J(p) dy N p

N, from inverse Abel transform = isotropically scattered irradiation
1 [~ dI/dx 1

j(p) :—% ] \/ﬁ:_ﬁdx:UTNeE/I@(e) dQ
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M. Stix “The Sun”, Section 9.1.3

“CORONIUM” LINES

http.//laserstars.org/spectra/Coronium.html

Grotrian (1939), Edlén (1942): forbidden lines high ionization stages (Stix Table 9.2 p. 398)

| name | wavelength | identification | AXp v | Ay | previous ion i
green line | 530.29 nm | [Fe XIV] 0.051 nm | 29 km/s | 60 s~ ! | Fe XIII 355 eV
yellow line | 569.45 [Ca XV] 0.087 46 95 Ca XIV 820
red line 637.45 [Fe XI] 0.049 23 69 Fe X 235

Coronal sky at Dome C
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bf equilibria: collisional ionization = radiative recombination = only f(7'), not f(N.)
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BRIGHT AND DARK IN EUV IMAGES

Rutten 1999ASPC..184..181R

e iron lines
- Fe IX/X 171 A: about 1.0 MK

— Fe XI1 195 (AIA 193) A: about 1.5 MK
— Fe XIV 284 A: about 2 MK

e bright
— collision up, radiation down
— thermal photon creation, NLTE equilibrium
- one line: selected loops = special trees in forest

1 million degrees K

e dark
Fe XXl 284 C .
FeXl195 Hell304 Hel584 Hilyp - lack of emissivity (“volume blocking”??) or
= " . H H .
2 TR ‘ H1912 bound-free scattering
9 i i
5 He 1504 | I — scattering: radiation up, re-radiation at bound-
S . S free threshold = black in narrow passband
[S]
£ .
s Bt — scattering agents: HI, Hel, Helll
114 Helll 228 g ;
= 1 L L1 1 L
200 400 600 800 1000

wavelength (Z‘)
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NORMAN LOCKYER

wikipedia

Sir Joseph Norman Lockyer, FRS (17 May 1836 — 16 August 1920), known simply as Norman
Lockyer, was an English scientist and astronomer. Along with the French scientist Pierre
Janssen he is credited with discovering the gas helium.

In 1885 he became the world’s first professor of astronomical physics at the Royal College of
Science, South Kensington, now part of Imperial College. At the college, the Solar Physics
Observatory was built for him and here he directed research until 1913.

To facilitate the transmission of ideas between scientific disciplines, Lockyer established the
general science journal Nature in 1869. He remained its editor until shortly before his death.
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CHROMOSPHERE AND HELIUM NAMING

Abstract of Norman Lockyer’s paper read Nov. 26, 1868; Procs. Royal Society of London, 17, 131

start

ADS 1868RSPS...17..131L courtesy Kevin Reardon 9 cites (7 RR)

Details are given of the observations made by the new instrament, which
was received incomplete on the 16th of October. These observations in-
clude the discovery, and exact determination of the lines, of the prominence-
spectrum on the 20th of October, and of the fact that the prominences are
merely local aggregations of a gaseous medium which entirely envelopes
the sun. The term Chromosphere is suggested for this envelope, in order
to distinguish it from the cool absorbing atmosphere on the one hand, and
from the white light-giving photosphere on the other. The possibility of
variations in the thickness of this envelope is suggested, aud the pheno-
mena presented by the star in Corona are referred to.

Two of the lines correspond with Fraunhofer's C and F; another lies
8° or 9° (of Kirchhoff’s scale) from D towards E. There is another bright
line, which occasionally makes its appearance near C, but slightly less re-
frangible than that line. It is remarked that the line near D has no cor-
responding line ordinarily visible in the solar spectrum. The author has

Fraunhofer’s “C” is Ha, “F” is H3.  The non-Fraunhofer line near “D” (NalD; + NalD,) for
which Lockyer proposed a new element “helios”is He |l D3 .  The occasional “less refrangible”
(redward) line near Ha is He | 6678 A.
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SOLAR FLASH SPECTRUM

« "
| ¢ FeXIV5303
4 \ /
g £ — ] 5 #y 0 3
i: H 438 & i H

e chromosphere naming = definition (Lockyer 1868 outside eclipse)
- strong: HI Balmer lines, He D3, Call H&K

— weaker: Mglb, NalD, Srll, Ball

¥
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e chromosphere research = flash spectrometry
— Menzel thesis = 1898-1908 Campbell 1930PLicO..17....1M (302 pp, on ADS)

- Thomas & Athay book = 1952 HAO 1961psc..book.....A (422 pp, not on ADS)
— Dunn etal. = 1962 HAO 1968ApJS...15..275D (275 pp, on ADS; RR digitized)

e chromosphere = enigma
— flash spectrum = reversed disk spectrum

— both hot (He I Ds) and cool (NalD; & D5) lines
— spatial extent exceeds radiative-equilibrum scale height
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ANNOTATION IN SACRAMENTO PEAK OBSERVATORY LIBRARY COPY
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De Jager’s review (1962ZA.....55...66T + 1962ZA.....55...70W)

Besprechungen

Tromas, R. N., und R. G. Ataay: Physics of the Solar Chromosphere. X + 422
Seiten. Interscience Publishers, Inc., New York 1961. Geb. § 15.50.

Der Titel des Buches verspricht mehr, als der Inhalt gibt. Jeder, der
schon einmal durch ein Hu-Filter oder durch ein Spektrohelioskop die
bezaubernde Struktur der Chromosphéarenoberfliche gesehen oder das
Profil des Sonnenrandes beobachtet hat, wird — sobald er den Titel
., Physik der Chromosphére hért — an eine Erklirung der Dynamik
dieser Gasmassen denken. Er wird an Probleme der Schall-, StoB- und
Gravitationswellen und an die Dissipation von deren Energie denken.
Vielleicht wird er sich fragen, was die Autoren von der Rolle halten, die
Magnetfelder und magnetohydrodynamische Wellen spielen und in wel-
chem MafBle von ihnen die verschiedenen Strukturen der ruhigen bzw. ge-
storten Gebiete dieses merkwiirdigen Teiles der Sonne bestimmt werden.

Von allem dem wird er aber in diesem Buche nichts finden: Die betref-
fenden Probleme werden kaum erwiahnt, geschweige denn besprochen.

und so weiter. . . four pages more

Upshot: the book treats the derivation of a model atmosphere from the spectrograms taken
by the 1952 HAO eclipse expedition but ignores the inhomogeneity and dynamics of the
chromosphere such as sound, shock, gravity and MHD waves, as well as magnetic fields.
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CHROMOSPHERE POTPOURRI

line formation theory
- flash spectrum @ Harvard, Boulder = Mihalas (1970, 1978): summary
- static 1D “standard” models:  VALIIIC more Avrett hydrogen exam
- non-E: detailed balancing 1D Radyn 2D Stagger 3D Bifrost

chromosphere diagnostics

Nal D;+Mglb; Lya+Ha Hao+Call8542 A Call H&K+Mgll h &k
SilV. mm Hel+Hell

chromospheric & coronal heating ingredients
— gravity waves

— acoustic waves
— Alfvénic waves

— reconnection

fine structure
sketched: Noyes 1979 Gabriel 1976 Rutten 1998 Wedemeyer 2016 Rutten 2016

observed and explained: Call grains  dynamic fibrils

observed but not explained:  straws/spicules-1I/RBEs/RREs  long Ha fibrils

fibril-field alignment for NLFFF: yes partly only at launch?
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SUMMARY 1D SCATTERING SOURCE FUNCTIONS

CONTINUA

B, J as temperature
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 Hy have S = B
e lines
- dB/dr = dB/d(t¢ + ') much less steep, so closer to isothermal S ~ /e B
— for stronger lines S sees more of the model chromosphere
- PRD lines have frequency-dependent core-to-wing S ~ J curves like these
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EXPLAIN EVERYTHING — INCLUDING SIMILARITIES AND DIFFERENCES

ALC7: 2008ApJS..175..229A  FCHHT-B: 2009ApJ...707..482F  FALP: 1993ApJ...406..319F
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DYNAMIC FIBRILS

Ha: Hansteen et al. 2006ApJ...647L..73H, De Pontieu et al. 2007ApJ...655..624D (plage)
Rouppe van der Voort & De la Cruz Rodiguez 2013ApJ...776...56R (sunspots)

Call 8542: Langangen et al. 2008ApJ...673.1194L

Ly a: Koza et al. 2009A&A...499..917K

non-E 2D MHD simulation: Leenaarts et al. 2007A&A...473..625L

SST 04-0ct—2005

v

q ——
£ .

1
- ”’logF:

" —

1

explanation: p-mode-driven 3-5 minute shock waves along inclined field as slanted wave
guide with lowered cutoff frequency; fan pattern = surface network strings

Michalitsanos 1973SoPh...30...47M
Bel & Leroy 1977A&A....55..239B
Suematsu 1990LNP..367..211S

De Pontieu et al. 2004Natur.430..536D .
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CUT-OFF FREQUENCY LOWERING IN INCLINED FIELDS
1973SoPh...30...47M

THE FIVE-MINUTE PERIOD OSCILLATION IN
MAGNETICALLY ACTIVE REGIONS

A.G. MICHALITSANOQOS* **
Institute of Astronomy, University of Cambridge, Cambridge, England

If we incline the magnetic field (with respect to g) through 45 degrees in Figure 1d,
we note that in Region I, w(k,) is no longer asymptotic to w; as k, tends to zero.
Therefore, for an inclined magnetic field, magnetosonic waves may propagate verti-
cally at frequencies w <w,. If in Equation (3) we set a=0 and k, =0, and let b=

= — gy/2¥7?* we will obtain the critical magnetosonic-gravity frequency w,, where

2_ 2 .l;_i) 2[(“1__1)2 2c0529:|”2 y
@ ws(Z )T\ 2) T ’ ®

and 6 =arccos(B,/B,). Therefore, at levels where f<1, the critical magnetosonic-

gravity frequency is less than the critical sonic-gravity frequency w, when the field
is inclined from the vertical.
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STRAWS / SPICULES-II / RBEs

e observations

“straws”, DOT Call H
Rutten 2006ASPC..354..276R

- “spicules-1I", SST Call H
De Pontieu et al. 2007Sci...318.1574D

— on-disk visibility? DOT unpublished

- “rapid blue excursions”, SST Ha
Rouppe van der Voort et al. 2009ApJ...705..272R

- “heating events”, Hinode + SDO Ha + EUV
De Pontieu et al. 2011Sci...331...55D

e simulation: Martinez-Sykora et al. 2011ApJ...736....9M
— complex emergence, steep gradients, intense currents
— spicular Joule heating (green), outflow (blue)
— nearby coronal loop heating (red)

e expectations
— quiet-sun (also unipolar) coronal heating
— fast solar wind driving

- solar wind element segregation
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DYNAMIC FIBRILS

Ha: Hansteen et al. 2006ApJ...647L..73H, De Pontieu et al. 2007ApJ...655..624D (plage)
Rouppe van der Voort & De la Cruz Rodiguez 2013ApJ...776...56R (sunspots)

Call 8542: Langangen et al. 2008ApJ...673.1194L

Ly a: Koza et al. 2009A&A...499..917K

non-E 2D MHD simulation: Leenaarts et al. 2007A&A...473..625L
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explanation: p-mode-driven 3-5 minute shock waves along inclined field as slanted wave
guide with lowered cutoff frequency; fan pattern = surface network strings

Michalitsanos 1973SoPh...30...47M
Bel & Leroy 1977A&A....55..239B
Suematsu 1990LNP..367..211S

De Pontieu et al. 2004Natur.430..536D .
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FIBRIL-FIELD ALIGNMENT FOR NLFFF LOWER BOUNDARY

NLFFF tests with chromospheric boundary
— Nal D;: Metcalf et al. 1995ApJ...439..474M 2005ApJ...623L..53M

- Ha:  Bobra & van Ballegooijen 2008ApJ...672.1209B  Wiegelmann et al.
2008SoPh..247..249W

good alignment
— Aschwanden et al. 2016ApJ...826...61A

partial alignment
- de la Cruz Rodriiguez & Socas-Navarro 2011A&A...527L...8D

— Leenaarts et al. 2015ApJ...802..136L
— Martinez-Sykora et al. 2016ApJ...831L...1M
— Asensio Ramos et al. 2016arXivi61206088A

non-E alignment only at H ionization in propagating heating events?
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similar NLTE formation = heavy two-level scattering

core intensities do not sense ALC7 chromosphere

narrow Nal D; flanks reverse reversed granulation

non-E? minority stages: recombination « N, senses Ly« settling and scattering

SST: Dopplergrams =~ unsigned fluxtube magnetograms (Na | D; formation)
non-E enhanced in cooling recombining downflows? (SE = Bifrost snapshot OK)

index
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Ly and Ha
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e both: heavy NLTE scatterers with S~J
e Lya: boxed-in by enormous extinction = radiative detailed balance: S=.J

1

Ha

-

1000 1500 2000

height [km]

in shocks (=~ ALC7 chromosphere) collisional thermalization: b, ~ b,

in cool gas surroundng hot structures b, > 1 from Ly« surround scattering
in post-hot cool gas slow S~J thermalization with b, > 1: S’ memory of hot past

e Ha: photons created in granulation
scatter 3D across upper-photosphere opacity gap and through chromosphere

in shocks etc. Boltzmann extinction b=b;
in post-hot cool gas b, > 1: extinction memory of hot past

Ly« scene: heating events bright down-throat, cooling contrails dark from scattering
Ha scene: RBE/RRE heating events, cooling contrails dark from non-E opacity
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Ho and Call8542 A

y [arcsec]
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> 4000} . A B
o 3000f L7, . A ALCT:, . Callgss2 A6
0 500 1000 1500 2000 0 500 1000 1500 2000
height [km] height [km]
e both: heavy NLTE scatterers with S~/ sampled at similar =1 heights
e both: Saha-Boltzmann or larger extinction in shocks and ALC7
e core widths: both decrease away from network = decreasing temperature
e Ha fibrils extend further, contradicting Saha-Boltzmann extinction sensitivities

fibril opacity in Ca I18542 A instantenous, in Ha post-hot non-E?

start index
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B! S: ‘J as Te! Texc’ Trad [K]

both:
both:
both:
both:

Call H&Kand Mgl h&k

40 20 0 20 40 60 80

solar x [arcsec]

= 1~
7000 H G = 7000}
= -
6000 < g 6000
g i
5000 " 5000
[%2]
—_ © N
4000 £ = 4000 &
' . {68 o AL Mglik - {-68
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heavy NLTE scatterers with PRD source function splits
near-Saha-Boltzmann extinction everywhere; abundance ratio 18
absence of non-E sensitivities = instantaneous chromosphere

slender fibrils emanating from network, in Call H &K better at narrower bandwidth,

in Mg Il k best in ky; peak separation

slender fibrils = propagating heating events?
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CLOSED AND OPEN QUIET-SUN INTERNETWORK IN Si IV

Peter et al. in preparation

¢ thin to thickish (ratio < 2) line formation
e Gaussian fits
e widths ~ non-thermal widths
redshifted fibrils away from network ~ recombining Ha contrails?

roundish coronal-hole blueshifts in network = down-throat heating events?
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SAHA-BOLTZMANN HYDROGEN EXTINCTION AT ALMA WAVELENGTHS

Rutten 2017A&A...598A..89R 2017IAUS..327....1R (tutorial)
5_"7""|""|1'5 '|""r""|1'a 0_"|""l""|rI
L A=0.3mm N, =10 A=1.3mm Ny =10"; A=3.0mm Ny =10
g Lya Lya
5 O o>~ _ ] s} "
— | Ha - = ==
g L
g s £
8 _f Hmin fF * =
= -10
S i
-15L e
_. 16f "N,
< 14 1
812 1
L[] IV e N B B by T (] N T T
5000 10000 15000 5000 10000 15000 5000 10000 15000
temperature [K] temperature [K] temperature [K]
e LTE extinction: Ly« Hlcontinua H ffcontinuum 8542  other lines

e Ha at high T: LTE extinction from nsnl ™" enforced by enclosed Ly«

e H ionization: n =2 population fixed by (actually non-E) Ly«; hydrogen top has addi-
tional NLTE-SE balancing between Balmer continum and Balmer lines

e Balmer continuum 7,4 =~ 5250 K: overionization below, underionization above
= de-steepening of these LTE H ff Boltzmann increases around 5250 K pivot

o aff ~ A\2N Ny, T73/? (RTSA Eq. 2.79) gives steep Hff increase between ALMA bands

e features with non-E post-hot Ha extinction have larger to very much larger H ff extinction
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SOLAR RYDBERG LINES WITH ALMA?

Rutten 2017IAUS..327....1R

e ‘linear thermometer”
— H™ free-free + Hl free-free: S =108

— thick feature: T, = T'(r,=1)
— thin feature: cloud contribution AT, =7T

e solar Rydberg lines so far
— in um range Mg | stronger than H

— prediction Hl a lines n=4 — 18
- HI119«, 21« observed at limb

e HI Rydberg lines with ALMA?
— candidate: HI 30« in Band 6 (1.3 mm)

- much stronger than above predictions from large post-hot non-E extinction?

if so, unblendedly present since Mg | etc are not non-E boosted?

on disk as 7'(7,=1) emission at steep 7'() gradient
at limb as 77" extension

Zeeman in [ and Stokes: super-sensitive chromospheric magnetometer?

start
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SOLAR ULTRAVIOLET SPECTRUM

Scheffler & Elsésser, courtesy Karin Muglach
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VALIIIC MODEL

Vernazza, Avrett, Loeser 1981ApJS...45..635V
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VALIIIC SPECTRUM FORMATION

Avrett 1990IAUS..138....3A
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KURUCZ STARS

Kurucz ATMOS program = LTE-RE-HE 1979ApJS...40....1K

o8l REPRESENTATIVE MODELS
LOG 6= 4

=

_i_“s\g\\g

=
—=
=
£
I

18 20 22 24 26 28
/5 {um™

color My — Mg

1/A=1.8 um~': X\ =555nm = UBV color V

Balmer edge at 1/\ = 2.74 um~!
Paschen edge at 1/\ = 1.22 ym™!
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SOLAR SPECTRUM FORMATION: EXAMPLES
Robert J. Rutten

https://webspace.science.uu.nl/~ruttelll

thin: cloud modeling corona chromosphere Rydberg per ALMA?
thick: UV line flip VAL3C temperature VALS3C spectrum Kurucz stars

photospheric lines:  inversions bright points reversed granulation NalD1 MGs
limb emission lines

continua from VAL3C:  Avrett models versus 3D MHD VAL3C continua
VALII budget hydrogen budget all

lines from ALC7: model optical spectrum ultraviolet depletion hydrogen
strong lines plot formats pops plot BSJ plot profile plot Mg 14571
Fe 16302 Mg I b, Nal D, Ball 4554 Call8542 A Call K Mg Il k
Lya Hao HS He 1584 He 110830 canonical Ha Nal D;—Mg | b,
Lya—Ha Ha—Call 8542 A Call K-Mgl k versus FCHHT-B ALC7-FALC
FALC—FALP ALC7-FALP

detour lines: pumping suction
Oslo-simulated dynamic atmosphere: 1D RADYN 3D Bifrost Bifrost line synthesis

LA-conjectured PSBE atmosphere:  non-E Ha aureole boosting Ha extinction
CE-SB EBs spicules-I| contrail ALMA non-E chromosphere?

IRIS diagnostics: overview diagnostics
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THE MOST SUCCESSFUL INVERSION EVER

Holweger 1967ZA.....65..365H (243 cites); Holweger & Muller 1974SoPh...39...19H (over 800 cites)

10000 [T T T T
< gooof ]
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g 6000 ]
g HOLMUL
g [
4000+ ]
200 0 200 400 600 800 1000

height [km]
e PhD thesis: empirical LTE fit of the optical continuum and the depths of 900 lines

e very similar to subsequent “theoretical” radiative-equilibrium models

e HOLMUL = update (fitting Ba Il lines) prefered in all pre-Asplund abundance deter-
minations because it has no chromosphere — but also no granulation

e ‘[...] Among the problems that need further study are deviations from LTE. Unfor-
tunately, these are easily arising in the computer if important collisional processes
are neglected, or if radiative rates are not realistic. In cool stars, collisional excita-
tion by hydrogen atoms is generally neglected [...] However, in the Sun, hydrogen
atoms outnumber the free electrons by a factor of 10000. The UV radiation field is
complicated by a vast number of absorption lines ...”
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TEMPERATURE (K)

LOG(b)

NLTE MASKING
Rutten & Kostik 1982A&A...115..104R
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VALIIC ~ LITES steeper decline than HOLMUL ~ BELLEA
ultraviolet bf scattering causes Fe | underopacities
strong-line bb scattering causes Fe | source function deficits
ultraviolet bb pumping causes Fe Il source function excesses

empirical LTE line depth fitting & la Holweger:
— opacity-deficient Fe | cores suggest too small height
— scattering Fe | cores suggest too low temperature
— pumped Fe |l cores suggest too high temperature
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MILNE-EDDINGTON APPROXIMATION IN A MURaM SIMULATION
Vitas et al. 2009A&A...499..301V

relative populations

i |

<-1.8 -1.0 0.0 1.0 >1.8

log 7, (line center Fe I)

o

0 500 1000 1500 2000 0 500 1000 1500 2000 o} 500 1000 1500 2000
x [km] x [km] % [km]

e representative weak Fe | line with excitation energy 0, 3, and 6 eV;
transition probability scaled to obtain the same emergent line strength

e dotted curve: line-center 7=1 (normalization)
solid curve: continuum 7=1. Its modulation represents line-core Doppler brighten-
ing. The line vanishes from ionization within a magnetic concentration at x =400 km

e first panel: increasing Fe ionization and corresponding H™ increase at larger depth
cause very steep gradients in normalized populations ~ n = o'/a*

e other panels: increasing compensation from Boltzmann excitation factor

e upshot: Milne-Eddington approximation better at higher excitation
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ULTRAVIOLET DEPLETION IN THE ALC7 ATMOSPHERE

7000 I v 1 v ] v Ll M I v 1 v ] :

log (/Do)
B,S,J [K]

. . . . . . 4000b . o . 4 o004,
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
height [km] height [km]

minority atoms: photospheric extinction depletion by ultraviolet bound-free scattering

ultraviolet bound-free edges produce scattering continua

J > B from:
—T'(h) gradient defined by radiative equilibrium for the optical
— B(h) steeper in the ultraviolet due to Wien nonlinearity
— A operator gives J > S for steep S(7)
— deep escape from small H1bf extinction

b1 /beont for electron donors Mgl, Fel, Sil and All imply b, population depletion across
photosphere because beo,; ~ 1

their photospheric lines have increasing extinction deficits compared to LTE

b2 /beont for HI shows similar behavior for the top of the hydrogen atom starting at n=2
start index
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SOLAR SPECTRUM FORMATION: EXAMPLES
Robert J. Rutten

https://webspace.science.uu.nl/~ruttelll

thin: cloud modeling corona chromosphere Rydberg per ALMA?
thick: UV line flip VAL3C temperature VALS3C spectrum Kurucz stars

photospheric lines:  inversions bright points reversed granulation NalD1 MGs
limb emission lines

continua from VAL3C:  Avrett models versus 3D MHD VAL3C continua
VALII budget hydrogen budget all

lines from ALC7: model optical spectrum ultraviolet depletion hydrogen
strong lines plot formats pops plot BSJ plot profile plot Mg 14571
Fe 16302 Mg I b, Nal D, Ball 4554 Call8542 A Call K Mg Il k
Lya Hao HS He 1584 He 110830 canonical Ha Nal D;—Mg | b,
Lya—Ha Ha—Call 8542 A Call K-Mgl k versus FCHHT-B ALC7-FALC
FALC—FALP ALC7-FALP

detour lines: pumping suction
Oslo-simulated dynamic atmosphere: 1D RADYN 3D Bifrost Bifrost line synthesis

LA-conjectured PSBE atmosphere:  non-E Ha aureole boosting Ha extinction
CE-SB EBs spicules-I| contrail ALMA non-E chromosphere?

IRIS diagnostics: overview diagnostics
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FLUX TUBES

e 1970s: Utrecht fluxtube paradigm
- magnetostatic equilibrium: flaring

— evacuation: Wilson depression
— thin tube: hot walls bright, brighter limbwards

e 1980s: Zirich unsharp 1.5D models
- McMath-Pierce FTS Fel & Fell Stokes V/

— assume magnetostatic geometry

— spatially-averaged LTE Stokes profile fitting

— flatter-than-RE temperature gradient

T T T
-3 -2 -1 o -100 0 100 200 300 400
Logarithmic optical depth Geometrical height (km)

e 1990s+: sharp observations and simulations
- enhanced contrast in G band, strong-line wings

- rapid morphology change, much vorticity
- near-limb faculae: see-through into granules

start index
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1970s magnetostatic fluxtubes

Kees Zwaan & Hans Rosenberg Zwaan 1978SoPh...60..213Z

PRESSURE EQUILIBRIUM AND ENERGY BALANCE OF
SMALL PHOTOSPHERIC FLUXTUBES

H. C.SPRUIT

The Astronomical Institute of the University of Utrecht, The Netherlands

(Received 12 July, 1976)

Abstract. Field configurations and temperawre distributions of axially symmetric fluxtubes are
determined on the basis of pressure equilibrium and energy balance of the tubes. The description
concentrates on layers below 600 km above the photosphere: a magnetostatic field, and encrgy
transport by a diffusion process are assumed. It is assumed also that the magnetic field of the tubes
prevents convective flow across the field lines, so that only radiative energy exchange between the tube and
the convection zone is present. A set of model tubes is presented ranging in size from facular points
(150 km) 10 small pores (1000 km), for different values of the field amplitude and the asymptotic cnergy
flux F, flowing along the tube from the deeper layers. Radial influx of heat into the tube at the
photospheric level influences the temperature in the tube strongly for all these models. For a pore-like tube
25 (similar to the flux from a spot umbra) seems appropriate (Fy in units of the normal photospheric
1ux). I in the smallest fluxtubes o i also 0.25, a comparison of the intensity contrast with obscrvations of
facular points indicates that the radius of tubes corresponding to facular points is 50-100 km. In the
continuum the structure looks like a depression in the photosphere (similar to the Wilson depression of
spots). The magnitude of this depression is ~200 km for pores of 1000 km diameter and = 100 km for
facular points. The walls of the hole created by the depression contribute considerably to the contrast of
structures observed near the solar limb, It is shown how this contribution may explain the centre to limb
behaviour of facular contrast &s seen in the continuum, and why the continuum CLV differs so strongly
from that in line cores. Over the first 400 km above the photosphere the tube expands by a factor of 2 for
all the tubes calculated

Spruit 1976SoPh...50..269S Rutten 1999ASPC..184..181
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MAGNETIC BRIGHT POINTS

high-resolution observation
— Berger et al. 2004A&A...428..613B: G-band bright points as ribbons and flowers

high-resolution simulation
— Keller et al. 2004ApJ...607L..59K: continuum faculae simulation

— Carlsson et al. 2004ApJ...610L.137C: G-band faculae simulation

bright points in Ha
- DOT Ha movie 2004-10-06
— Leenaarts et al. 2006A&A...449.1209L: bright points in Ha
- Leenaarts et al. 2006A&A...452L..15L: comparison of bright-point diagnostics

less bright points in “normal” lines
— Vitas et al. 2009A&A...499..301V: only Mn| lines are not mucked up by granulation

start index


http://adsabs.harvard.edu/abs/2004A&A...428..613B
http://adsabs.harvard.edu/abs/2004ApJ...607L..59K
http://adsabs.harvard.edu/abs/2004ApJ...610L.137C
http://adsabs.harvard.edu/abs/2006A&A...449.1209L
http://adsabs.harvard.edu/abs/2006A&A...452L..15L
http://adsabs.harvard.edu/abs/2009A&A...499..301V

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)

0 - 1600A—1700A [SST/CHROMIS Call K wing scans]
\ e coming age of simulation irradiance modeling = of age
Bos | ~ 1D = 3D abundances (“pre/post Asplund”)

N | _ first step: MURaM with LTE

A e S - to do: 3D(t) MHD with NLTE, line haze, H NSE?

Limb distance, M

start index
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SOLAR SPECTRUM FORMATION: EXAMPLES
Robert J. Rutten

https://webspace.science.uu.nl/~ruttelll

thin: cloud modeling corona chromosphere Rydberg per ALMA?
thick: UV line flip VAL3C temperature VALS3C spectrum Kurucz stars

photospheric lines:  inversions bright points reversed granulation NalD1 MGs
limb emission lines

continua from VAL3C:  Avrett models versus 3D MHD VAL3C continua
VALII budget hydrogen budget all

lines from ALC7: model optical spectrum ultraviolet depletion hydrogen
strong lines plot formats pops plot BSJ plot profile plot Mg 14571
Fe 16302 Mg I b, Nal D, Ball 4554 Call8542 A Call K Mg Il k
Lya Hao HS He 1584 He 110830 canonical Ha Nal D;—Mg | b,
Lya—Ha Ha—Call 8542 A Call K-Mgl k versus FCHHT-B ALC7-FALC
FALC—FALP ALC7-FALP

detour lines: pumping suction
Oslo-simulated dynamic atmosphere: 1D RADYN 3D Bifrost Bifrost line synthesis

LA-conjectured PSBE atmosphere:  non-E Ha aureole boosting Ha extinction
CE-SB EBs spicules-I| contrail ALMA non-E chromosphere?

IRIS diagnostics: overview diagnostics
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REVERSED GRANULATION OBSERVATION & SIMULATION
Leenaarts & Wedemeyer-Béhm 2005A&A...431..687L

o 1 2 3 4 5 0 1 2 3 4 5
x [Mm] x [Mm]

e observation simular to simulation so phenomenon “explained”
e no magnetism since pure hydro simulation (CO°BOLD)

e internal gravity waves?

start index


http://adsabs.harvard.edu/abs/2005A&A...431..687L

OBSERVATION & SIMULATION OF Nal D;, Mglb,, Call8542A

Rutten etal. 2011A&A...531A..17R

Iﬁﬁﬁlﬁﬁﬁ

SST images blue wing - core - red wing o et o L SR
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>%

atlas profiles

FALC formation

: |
Dopplergram comparisons -

profile comparisons

upshot e simulation ~ observation but computed Ca Il 8542 A is much too narrow

e difference in showing reversed granulation is set by reversed intensity—
Dopplershift correlation sampled differently by different inner-wing steepness

e Nal D; Dopplergrams are upper-photosphere kilogauss magnetograms
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SOLAR SPECTRUM FORMATION: EXAMPLES
Robert J. Rutten

https://webspace.science.uu.nl/~ruttelll

thin: cloud modeling corona chromosphere Rydberg per ALMA?
thick: UV line flip VAL3C temperature VALS3C spectrum Kurucz stars

photospheric lines:  inversions bright points reversed granulation NalD1 MGs
limb emission lines

continua from VAL3C:  Avrett models versus 3D MHD VAL3C continua
VALII budget hydrogen budget all

lines from ALC7: model optical spectrum ultraviolet depletion hydrogen
strong lines plot formats pops plot BSJ plot profile plot Mg 14571
Fe 16302 Mg I b, Nal D, Ball 4554 Call8542 A Call K Mg Il k
Lya Hao HS He 1584 He 110830 canonical Ha Nal D;—Mg | b,
Lya—Ha Ha—Call 8542 A Call K-Mgl k versus FCHHT-B ALC7-FALC
FALC—FALP ALC7-FALP

detour lines: pumping suction
Oslo-simulated dynamic atmosphere: 1D RADYN 3D Bifrost Bifrost line synthesis

LA-conjectured PSBE atmosphere:  non-E Ha aureole boosting Ha extinction
CE-SB EBs spicules-I| contrail ALMA non-E chromosphere?

IRIS diagnostics: overview diagnostics
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Nal D; IN A MAGNETIC CONCENTRATION

Leenaarts et al. 2010ApdJ...709.1362L
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FORMATION BREAKDOWNS Nal D; & Call 8542 A

Leenaarts et al. 2010ApdJ...709.1362L
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STAGGER/MULTI3D Nal D; DOPPLERGRAMS AS UNSIGNED MAGNETOGRAMS

Rutten et al. 2011A&A...531A..17R

y [Mm]

x [Mm] ‘ x [Mm] . ‘ x [Mm]

Fig. 16. Dopplergrams from the simulation as in the bottom row of Figure 7 but closer to line center and with only CRISP spectral
smearing, no spatial PSF smearing.

| B:| at h = 0km A corollary is that searches for global g-modes and so-called

“chromosphere seismology” using full-disk resonance-cell sam-
pling of the Na line as with GOLF-NG (e.g., Turck-Chieze et al.
2006; Salabert et al. 2009) will suffer noise from reversed granu-
lation just as classical helioseismology suffers noise from gran-
ulation. Magnetic concentrations contribute much noise (liter-
ally) by their shocks. GOLF-NG’s 15 passbands, spread over
AA = +9 kms™', have FWHM = 30mA, half CRISP’s pass-
band in this line and clearly narrow enough. Interpretation of
such multi-passband oscillation sampling that relies on one-
dimensional height-of-formation interpretation, for example to
diagnose upward propagation from inward phase difference, is
likely to fail since the clapotispheric signals are better described
as clouds of varying opacity at varying height of which the vary-
ing Dopplershifts act as shutters obscuring the inner line wings.
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SOLAR SPECTRUM FORMATION: EXAMPLES
Robert J. Rutten

https://webspace.science.uu.nl/~ruttelll

thin: cloud modeling corona chromosphere Rydberg per ALMA?
thick: UV line flip VAL3C temperature VALS3C spectrum Kurucz stars

photospheric lines:  inversions bright points reversed granulation NalD1 MGs
limb emission lines

continua from VAL3C:  Avrett models versus 3D MHD VAL3C continua
VALII budget hydrogen budget all

lines from ALC7: model optical spectrum ultraviolet depletion hydrogen
strong lines plot formats pops plot BSJ plot profile plot Mg 14571
Fe 16302 Mg I b, Nal D, Ball 4554 Call8542 A Call K Mg Il k
Lya Hao HS He 1584 He 110830 canonical Ha Nal D;—Mg | b,
Lya—Ha Ha—Call 8542 A Call K-Mgl k versus FCHHT-B ALC7-FALC
FALC—FALP ALC7-FALP

detour lines: pumping suction
Oslo-simulated dynamic atmosphere: 1D RADYN 3D Bifrost Bifrost line synthesis

LA-conjectured PSBE atmosphere:  non-E Ha aureole boosting Ha extinction
CE-SB EBs spicules-I| contrail ALMA non-E chromosphere?

IRIS diagnostics: overview diagnostics
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LIMB EMISSION LINES

tabulations
— Menzel, thesis 1930, Pubs. Lick Obs., Campbell eclipse spectra, ADS antiquities

Dunn et al. 1968ApJS...15..275D HAO eclipse spectra comprehensive plot
Pierce 1968ApJS...17....1P extreme limb spectra plate with Mg | 4571 A

- Rutten & Stencel 1980A&AS...39..415R limb emission lines in Call H & K wings
- Rutten + XX: limb emission lines in Mg Il h &k wings

rare earths
- Canfield 1971A&A....10..54C excerpt 1971A&A....10...64C excerpt

— interlocking = n > ¢ = S > B with much spatial smoothing

— higher emission for larger quasi-continuous extinction (Ce Il in H & K wings)

pumped ion lines
- Fell 3969.4 A between Call H and He: Cram et al. 1980ApJ...241..374C excerpt
- subordinate lines sharing upper levels with strong UV lines
- large sensitivity to deep temperature variations

strong lines with PRD wings
— Ball 4554 A: Rutten 1978SoPh...56..237R excerpt 1979ApJ...231..277R excerpt

— others: Fell, Till, ...

LTE lines

- Mg 14571 A Rutten 1977SoPh...51...3R excerpt
start index
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SOLAR SPECTRUM FORMATION: EXAMPLES
Robert J. Rutten

https://webspace.science.uu.nl/~ruttelll

thin: cloud modeling corona chromosphere Rydberg per ALMA?
thick: UV line flip VAL3C temperature VALS3C spectrum Kurucz stars

photospheric lines:  inversions bright points reversed granulation NalD1 MGs
limb emission lines

continua from VAL3C:  Avrett models versus 3D MHD VAL3C continua
VALII budget hydrogen budget all

lines from ALC7: model optical spectrum ultraviolet depletion hydrogen
strong lines plot formats pops plot BSJ plot profile plot Mg 14571
Fe 16302 Mg I b, Nal D, Ball 4554 Call8542 A Call K Mg Il k
Lya Hao HS He 1584 He 110830 canonical Ha Nal D;—Mg | b,
Lya—Ha Ha—Call 8542 A Call K-Mgl k versus FCHHT-B ALC7-FALC
FALC—FALP ALC7-FALP

detour lines: pumping suction
Oslo-simulated dynamic atmosphere: 1D RADYN 3D Bifrost Bifrost line synthesis

LA-conjectured PSBE atmosphere:  non-E Ha aureole boosting Ha extinction
CE-SB EBs spicules-I| contrail ALMA non-E chromosphere?

IRIS diagnostics: overview diagnostics
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AVRETT SOLAR-ANALOG STARS
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VAL3C = Vernazza, Avrett, Loeser 1981ApJS...45..635V: best-fit to UV continua

e MACKKL = Maltby et al. 1986ApJ...306..284M: less steep upper photosphere

e FALC = Fontenla, Avrett, Loeser 1993ApJ...406..319F: ambipolar diffusion

e ALC7 = Avrett & Loeser 2008ApJS..175..229A: UV-line fit; update 2015ApJ...811...87A

[...] The results may be interpreted as holding for a computationally existing star called
VALIII [...]. This star is remarkably like the Sun in its temporally and spatially averaged
continuous spectral distribution, but in contrast to the Sun it does obey hydrostatic equilibrium
and static plane-parallel geometry, and it contains only those atoms, ions and electrons that
were specified in the Pandora code, fortunately with just the corresponding cross-sections.
Its modeling is exact! The advantage of studying the star VALIIl rather than the star Sol is
that the physics of VALIII radiation is fully understandable. Also, it keeps adhering to these
course notes ad infinitum while solar physics evolves to more complexity.

it Rutten “Radiative Transfer in Stellar Amospheres” .
stari 1
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OSLO SIMULATION VERSUS 1D STANDARD MODELS
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e simulation = state-of-the-art: 3D(1), B, non-HE, SE populations but NE for H
Leenaarts, Carlsson & Rouppe van der Voort 2012ApdJ...749..136L

e ALC7 = UV fit: 1D static, no B, HE + microturbulence, SE populations
Avrett & Loeser 2008ApJS..175..229A

e FCHHT-B = UV fit: 1D static, no 3, HE + imposed acceleration, SE populations
Fontenla, Curdt, Haberreiter, Harder & Tian 2009ApJ...707..482F

The T and J,(Ha) behavior seems arguably similar. However, the conceptual differences
between plane-parallel static hydrostatic-equilibrium modeling and the 3D(t) MHD simulation
are enormous (cf. Newtonian gravitation versus general relativity). The T'(h) stratifications
in the simulation vary tremendously, with shocks propagating upwards and sideways and the

star¢ INcrease to coronal temperature dancing up and down over a large height range. index
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VALIIIC MODEL

Vernazza, Avrett, Loeser 1981ApJS...45..635V
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VALIIIC 500 nm FORMATION
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VAL3C CONTINUUM FORMATION
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VAL3C CONTINUUM FORMATION
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VAL3C CONTINUUM FORMATION
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VAL3C CONTINUUM FORMATION
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VAL3C CONTINUUM FORMATION
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VAL3C CONTINUUM FORMATION

o0 T T T 1,00 """ He .
-50r T 0.50 'ab P

— i 4 L / i
.20 I 0.20 ]
- 1 O I 1 | 1 T 1 I I 1 1 I ) O B 1 O ! [ I ]
OO it Y L‘ ~\.| T T T T ] T ’1 T 1 . OO P f He T I
50+ T 0 Y 0.50- 'em ]

—
(@)

PN

o

—

o

\ 15600

III ILRALL

5200

-14
4800

AR U U RLI LA R

T TTTiT

_ 4600
12 _1i5

T

4400

I R PR R B I 1.

L
1800 1500

1 ] I \"1~-\4 _15
900 600 4200

L Il

|
1200

¢ L4 el [ RN LILIREN | Lol Lt L ¢ 100 400y I I T R | 1 TR S TN N T |
-3 -2 -1 0 +1 -5 -2 -1 0
log T log T

start index



start

TEMPERATURE MINIMUM IN VALII

Vernazza, Avrett & Loeser 1976ApJS...30....1V (VALII)

e oops: bf edges of electron-donor metals wrongly in LTE

e oops: too few line-haze lines and wrongly in LTE
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SOLAR SPECTRUM FORMATION: EXAMPLES
Robert J. Rutten

https://webspace.science.uu.nl/~ruttelll

thin: cloud modeling corona chromosphere Rydberg per ALMA?
thick: UV line flip VAL3C temperature VALS3C spectrum Kurucz stars

photospheric lines:  inversions bright points reversed granulation NalD1 MGs
limb emission lines

continua from VAL3C:  Avrett models versus 3D MHD VAL3C continua
VALII budget hydrogen budget all

lines from ALC7: model optical spectrum ultraviolet depletion hydrogen
strong lines plot formats pops plot BSJ plot profile plot Mg 14571
Fe 16302 Mg I b, Nal D, Ball 4554 Call8542 A Call K Mg Il k
Lya Hao HS He 1584 He 110830 canonical Ha Nal D;—Mg | b,
Lya—Ha Ha—Call 8542 A Call K-Mgl k versus FCHHT-B ALC7-FALC
FALC—FALP ALC7-FALP

detour lines: pumping suction
Oslo-simulated dynamic atmosphere: 1D RADYN 3D Bifrost Bifrost line synthesis

LA-conjectured PSBE atmosphere:  non-E Ha aureole boosting Ha extinction
CE-SB EBs spicules-I| contrail ALMA non-E chromosphere?

IRIS diagnostics: overview diagnostics
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ALC7 ATMOSPHERE
Avrett & Loeser 2008ApJS..175..229A

16
8000 ]

— 4156
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3 1132
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o 1400
(IE) 5000 X NHtolaI 123
-— - e [@)]
BN 4112

L 1 1 NH neut‘al ] 10

0 500 1000 1500 2000

height [km]
e unrealistic plane-parallel static computational star with solar-like average spectrum
— exemplary in obeying all equations in my RT courses: understandable line formation

e best-fit temperature: near-RE in photosphere, shock-dominated in chromosphere
— slope in upper photosphere depends on NLTE ultraviolet line haze

¢ total hydrogen density: exponential decay
— turbulent presssure added to gain scale height and chromospheric extent

¢ low electron density in photosphere and temperature minimum
— from ionization of donor-elements Si, Fe, Mg, Al with 10~ relative abundance

e increasing hydrogen ionization across chromosphere
— electron density reaches proton density at its top

e near-isothermal near-constant-N, chromosphere
— mimics Avrett’s (1965) isothermal constant- two-level-atom scattering atmosphere

start index
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CRD RESONANT SCATTERING IN AN ISOTHERMAL ATMOSPHERE
RTSA figure 4.12; from Avrett 1965SA0OSR.174..101A

Lt

L L 1
L1 1 parte

L

162

L rrn
I 1 tprni

1
o,

e left: S/B in a plane-parallel isothermal atmosphere with constant  for complete
redistribution. The curves illustrate the /¢ law and thermalization at A =~ 1/e.

e right: corresponding emergent line profiles and Gaussian extinction profile shape
¢ (only the righthand halves; © = AX/AM\p)
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SOLAR OPTICAL VERSUS ALC7 OPTICAL — ON DISK AND OFF LIMB

e observed disk-center spectrum
— NalD lines darkest from scattering
— HI Balmer lines widest from linear Stark + Holtsmark
- Call H&K strongest from Saha-Boltzmann (“Cecilia Payne”)

T T T T
FTS + Neckel calibration
Mgb NaD

e ALC7 disk-center spectrum per RH
- 1D-SE without granules, waves, shocks, fibrils, magnetism

— chromospheric extent from imposed turbulent pressure
— good reproduction, also ultraviolet (RH: not H, not Kurucz)

e observed flash spectrum
- HIBalmer, Call H&K, He | = Lockyer’s “chromosphere”

- Janssen/Lockyer discovery of Hel D;
— made up of spicules

o ALC?7 flash spectrum per RH
— too small extent

— cannot explain HI Balmer, let be He | D;

— no spicules
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ULTRAVIOLET DEPLETION IN THE ALC7 ATMOSPHERE

7000 I v 1 v ] v Ll M I v 1 v ] :

log (/Do)
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. . . . . . 4000b . o . 4 o004,
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
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minority atoms: photospheric extinction depletion by ultraviolet bound-free scattering

ultraviolet bound-free edges produce scattering continua

J > B from:
—T'(h) gradient defined by radiative equilibrium for the optical
— B(h) steeper in the ultraviolet due to Wien nonlinearity
— A operator gives J > S for steep S(7)
— deep escape from small H1bf extinction

b1 /beont for electron donors Mgl, Fel, Sil and All imply b, population depletion across
photosphere because beo,; ~ 1

their photospheric lines have increasing extinction deficits compared to LTE

b2 /beont for HI shows similar behavior for the top of the hydrogen atom starting at n=2
start index



HYDROGEN LINES IN THE ALC7 ATMOSPHERE
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start
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: chromosphere is back-scattering attenuator for radiation from deep photosphere;

outward S decline as in isothermal constant-c two-level-atom atmosphere

: tremendous scattering with Sy, ~Ji,, but local thermalization with Ji, ~B .

from short photon mean free paths (S dotted, J dashed; dot-dashed = identity)

: scattering as Ly«, shares photon losses in Ha (Ha ticks 7=3,1,0.3)

(same S/ Bxb3 /b, since bxh, but offsets differ in temperature representation)

: Saha-Boltzmann b&1 population because hydrogen is neutral

(except in transition region at right)

: Saha-Boltzmann b1 population from Ly« thermalization

(dotted fraction curve = n5™ /Ny, ~ dashed curve = actual ny/Nyyor)
beont/bo defined by SE balancing of B(7Bacnt)/B(T,) ionization driving and cas-

rad

cade recombination with high-n line photon losses. The HItop (n > 2) represents

a 3.4 eV alkali atom with ground-state population set by Lya. index



STRONG LINES IN ALC7

Avrett & Loeser 2008ApJS..175..229A Rutten 2016A&A...590A.124R
(b R Mg Il k
| T m | - extinction LTE, source function 2-level scattering
T A e— — high peaks, low PRD dips, low wings
T P o Call K
" _ 3o ~ - lower abundance and ionization, underionization
mw R i ~ small peaks and PRD dips
o e o Call 8542
T 3, ] — as Call K with Boltzmann lowering and sensitivity
i - — similar source function sampling as Ha
. e Nal D,
4 fm ~J — photospheric scattering, suction and underionization
- et — no sensitivity to temperature rise
- e Mglb,
Fe J — as Nal D; but photospheric overionization
N Tl o — no sensitivity to temperature rise
-7 ALCT - ° HO{
< :: - — chromospheric scattering of photospheric photons
RN I g °° ] — chromospheric extinction LTE from Ly« box-up
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LINES FROM THE ALC7 CHROMOSPHERE: PLOT FORMATS (Nal D)
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qlAacz o Nalp o 3000l ALC7  T~~—waliD, (468 3000 ACT oozl i 2NalDs o
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height [km] height [km] AM as Dopplershift [km s7']

by =ni/nfTE ol b o TE Sl (b, /0)B S'm (1—ey)J +eaB Ay~ 7/(ape) I(0) =~ S[r=1]
e first plot: populations
- solid: population departure coefficients. Always unity in the deep photosphere. Divergence with
increasing b, < b; shows resonance scattering. Steep b, rise due to radiative overionization of this

minority species (Nal). log 7 ticks on b; curve are for line center.
- dashed: fractional population 7;/Neement in NLTE. Scale at right. Na | is minority species.
- dotted: fractional population 7;/Neement P€r Saha-Boltzmann. Difference with the NLTE curve

corresponds to departure of b; from unity.

e second plot: line source function

- solid thin, thick, dashed: B, S, J as formal temperatures (for common scale with other lines). log 7

ticks are for line center.

- dotted: ¢ for the Doppler core in 2-level approximation. Scale to the right.

- dot-dashed: thermalization length in Gm. A; = —6 means thermalization of S to B within a homo-
geneous slab of 1 km. The A mark is near core thermalization depth.

e third plot: emergent profile

- solid: emergent profile as brightness temperature
- dashed: 7, =1 height scale at right
start — dotted, vertical: wavelength sampling(s) for second plot index



LINES FROM THE ALC7 ATMOSPHERE: POPULATIONS PLOT (Nal D,)

log b
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solid: population departure coefficients for Nal D;. Unity in deep photosphere from large
collision frequency at high density, with e =~ 1 (B S J plot). Increasing b, < b, divergence =
S! < B divergence (B S J plot) from ,/z-law resonance scattering. Small initial hump in upper
photosphere from photon suction (replenishment from ion reservoir) by scattering-out Nal D
photons. Steep b, rise above 700 km from ultraviolet underionization (1—c edge at 2412A,
typical for minority neutrals). The log 7 ticks on the b, curve are for line center.

dotted: fractional population n/™® /N, per Saha-Boltzmann. Scale at right. Nal is a mi-
nority species. Initial decrease from increasing ionization at decreasing N., slight hump from
less ionization at lower temperature, steep decline at increasing 7" and decreasing N, (Saha).

dashed: fractional population n;/Neerm in NLTE. Line-center optical depth 7,=— [(a'+a*) dh
has a! >> a° and o}, ~ 1n;=(n;/Neem ) Actem Nitot- Divergence from LTE curve corresponds to
departure of b, from unity. The steep b, increase compensates the steep n-™™ decrease.

= b o Sl (b,/b)B  exey=at/(a®+a?) S~ (l1—ey)J +e9 B
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log b
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LINES FROM THE ALC7 ATMOSPHERE: B S J PLOT (Nal D,)
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thin solid: B,, as temperature T, to remove Planck function variation with wavelength for
comparison with other lines. The ALC7 atmosphere has a near-isothermal chromosphere.

thick solid: Nal D, S' as formal excitation temperature 7T.... The B > S divergence cor-
responds to the b, > b, divergence in the populations plot, but not equally in their plotted
logarithms due to the B and S conversions to formal temperature. The log 7 ticks are for line
center. This scattering line does not sense the ALC7 chromosphere in S.

dashed: profile-averaged angle-averaged intensity .J as formal radiation temperature 7,,,.

dotted: 2-level photon destruction probability , for the Doppler core. Scale to the right.
Follows N., so fairly constant over 1000—2000 km from increasing hydrogen ionization.

dot-dashed: 2-level thermalization length A, for the Doppler core in gigameter. Scale to the
right. Example: A, =—6 implies thermalization of S to B at the center of a 2-km thick feature.
The curve label is placed near the line-core thermalization height in the mid photosphere.
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LINES FROM THE ALC7 ATMOSPHERE: PROFILE PLOT (Nal D)
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e solid: emergent intensity in the radial direction, represented as formal brightness temper-
ature for comparison with other lines and the Eddington-Barbier estimate (BS.J plot, tem-
perature axes match in the coming line-formation displays). Similarly, the bottom scale for
wavelength separation from line center is in km s—! for comparison with other lines. Wave-
length separations in A along the top.

e dashed: T,=1 height, scale at right.

e dotted, vertical: sampling wavelength(s) for S and .J in the BS.J plot. Only one for CRD lines
(as Nal D;) with frequency-independent line source functions (and J in the BS.J plot).

e one might overplot an observed solar disk-center profile, but this is misleading because even
a perfect match does not imply that the ALC7 model is correct. ALC7 is an idealized didactic
star not like the Sun with an easier-to-understand solar-lookalike spectrum.
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Mg 14571 A FROM THE ALC7 ATMOSPHERE
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unique photospheric line with LTE source function

extinction severely out of LTE. Deep b, dip across the ALC7 photosphere from overion-
ization by deeply escaping bound-free scattering ultraviolet radiation, including edges of
Mg | itself at 2512 and 1621 A. Corresponding steep 0, rise above 700 km from ultravio-
let underionization where the temperature increases in excess of the ultraviolet radiation
temperature.

e this pattern is common to all lines of minority neutrals with ultraviolet ionization wave-

lenghs, including the electron donors (Mgl, Fel, Sil, All).

e source function unusually close to LTE because this is a “forbidden” intersystem line with

small A,;=2.710%s~1, dominated by collisions (¢ ~ 1) with b, ~ b;, S' ~ B to large heights.

e yet fairly strong because its lower level is the Mg | ground state

e usefulness: photospheric thermometer but requires ultraviolet NLTE for optical depth
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Fel16301.5A FROM THE ALC7 ATMOSPHERE
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log b
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standard polarimetry line

e severe extinction NLTE across the photosphere due to ultraviolet bound-free scattering

overionization and affecting the tau scaling (b, curve)

¢ minor S! NLTE from resonance scattering in the upper photosphere (S < B split)
¢ “inversion” codes (numerical best-fit iteration) sometimes include S NLTE but usually not

extinction NLTE, ignoring that bound-free scattering with SVV ~ 7 depends on 3D tem-
perature gradients in deeper layers and makes b, (hence n! and ') non-local both in space

and wavelength

e problem: the enormous density of NLTE lines (“haze”) in the ultraviolet affecting JVV

e usefulness: differential line-pair polarimetry with its twin Fe 16302.5 A
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Mg I b, 5173 A FROM THE ALC7 ATMOSPHERE
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diagnostic of upper photosphere

large NLTE n,; depletion from ultraviolet bound-free scattering across the photosphere

large NLTE b, increase from ultraviolet scattering offsets Saha decline in chromosphere

CRD scattering source function with ¢ ~ 1073

similar to Nal D,

usefulness: as Nal D, but wider core = less asymmetry from reversed granulation
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Nal D; 5896 A FROM THE ALC7 ATMOSPHERE
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Nal D lines: darkest lines in optical spectrum = textbook example of two-level scattering

photon suction offsets ultraviolet overionization across the photosphere
ultraviolet underionization offsets Saha depletion above 700 km
2-level CRD scattering with € ~ 1073 and S ~ J << B in the ALC7 chromosphere

thermalization in mid photosphere: core intensity does not sense ALC7 chromosphere,
observed photons are created near the thermalization depth (height of A, label), observed
intensity variation preferentially encodes temperature variation there

last scattering near 7=1: Doppler and Stokes inner-wing encoding occurs around 500 km

usefulness: sharp Nal D Dopplergrams indicate deeply-located shocks in fluxtubes
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Ball 4554 A FROM THE ALC7 ATMOSPHERE
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weakest PRD line, best veloctiy diagnostic, good Hanle diagnostic
e extinction LTE up to line-core formation height thanks to photon losses offsetting overion-
ization (edge at 1240 A outside Lya)
e steep b, increase above 800 km from underionization offsets Saha depletion
e resonance line with Grotrian diagram similar to Call K. PRD scattering source function
with ¢ ~ 1074, therefore different monochromatic S, and .J, curves for line center, inner
wings, outer wings
¢ S' split in upper photosphere produces emission wings at the limb
(my 1976 eclipse-expedition PhD thesis)
e usefulness: non-thermal Doppler sensitivity from large mass (\/mpa/muy=11.7)
intricate near-limb Hanle profile from hyperfine structure
index
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Call8542 A FROM THE ALC7 ATMOSPHERE

AL A
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cleanest chromospheric diagnostic in the near infared

extinction: b; boost from its own photon losses compensates Saha depletion

CRD scattering source function with ¢ ~ 102

core formation spans lower ALC7 chromosphere

best optical line for chromospheric magnetometry

usefulness: at longer wavelengths more diffraction but less seeing = prime DKIST line
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Call K 3934 A FROM THE ALC7 ATMOSPHERE
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e extinction: successive b, boosts from photon losses in infrared triplet and H&K compen-

PRD scattering source function with ¢ ~ 10~* (split between profile center, peaks, dips)

core formation spans the ALC7 chromosphere

narrowness of the Doppler core upsets filter imaging so far

Sunrise-2/SuFi best so far; high hopes for SST/CHROMIS

usefulness: best optical chromosphere diagnostic but challenging (bandwidth, S/N)
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Mg Il k 2796 A IN THE ALC7 CHROMOSPHERE
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cleanest PRD line and yet larger extincton than Call K

LTE lower-level population and extinction because all Mg sits in the Mg |l ground state

PRD scattering source function with ¢ ~ 10~* (split between profile center, peaks, dips)

textbook scattering decline

similar to Call K but with 18x larger abundance and with much darker wings

usefulness: key diagnostic but requires space platform
slitless imaging spectrometry very difficult
combine with “triplet” doublet between h & k (recombination indicator)
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Lya 1216 A IN THE ALC7 CHROMOSPHERE
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champion: largest extinction and most scattering of all lines

e lower-level population fraction ~ 1: all hydrogen in ground state

e overpopulation of the ground state towards the transition region from photon losses in
wings with slight scattering drops S ~ J < B

e enormous line-center extinction across the ALC7 chromosphere

e PRD scattering source function with ¢ ~ 10~¢ (split between profile center, peaks, dips)

e A goes from o 1/¢ towards o 1/¢% with density from Stark wing development (not shown)
e radiation lock-in from large extinction produces radiative balance n, (A, + ByJ) = 1B, J

e local thermalization from small A produces S ~ B throughout ALC7 chromosphere;
b, =~ b; =~ 1 implies LTE extinction for Hoa where it escapes

e usefulness: premier diagnostic but needs space; slitless imaging spectrometry difficult
start index



Ho 6563 A FROM THE ALC7 ATMOSPHERE
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¢ lower-level fractional population varies 10~ — 10~7 due to 10 eV in Boltzmann

e extinction coefficient near-LTE up to 2000 km by Ly« thermalization

e S! ~ two-level scattering below transition region (not “photoelectric”) just like Call 8542 A

e upper photosphere transparent: core shows fibrils, wings show granules

e Eddington-Barbier tau = 1 in chromosphere, but photon creation in deep photosphere
e large J across T-min from backscattering: ALC7 chromosphere ~ scattering attenuator
e wide line core from small atomic mass in Doppler broadening ~ /2kT/my + v2
e extended wings from linear Stark effect in deep photosphere (Holtsmark distribution)

e usefulness: prominences, flares, Ellermans, dynamic fibrils, spicules-Il, ...= non-E
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Hj3 4861 A FROM THE ALC7 ATMOSPHERE
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Hp: analogon to Ha at 5.4x smaller oscillator strength and in the blue

e same large Boltzmann sensitivity and Ly« lower-level control as Ha

e in comparison with Ha (blink with previous):
— same b, steeper b, decay
— similar scattering
— less steep S! decay from shorter wavelength
— smaller chromosphere thickness from smaller gf
— narrower core and 7=1 peak

e RH-computed profile has less deep wings then observed atlas profile (not shown) be-
cause RH does not use the Holtsmark distribution for linear Stark broadening by charged
particles (less steep wing drop than Voigt function)

e usefulness: differences against Ha
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Hel584 A IN THE ALC7 CHROMOSPHERE
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lower-level population fraction ~ 1: all helium in He | ground state

by =1 up to coronal rise

PRD neglected here but not much difference

detailed radiative balance S ~ .J

much radiation from coronal rise down into chromosphere due to fairly large A, resulting

in b, increase to very large values

radiation lock-in to S ~ B only below 1000 km
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Hel 10830 A IN THE ALC7 CHROMOSPHERE
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not of interest in ALC7

high-excitation line supposedly obtaining visibility from coronal irradiation — not in ALC7

minute fractional population from large Boltzmann factor

upper-level b, set by He 1584 A plus collisional coupling 2p*P — 2p'P with large He 1584 A
down-radiation from transition region into chromosphere

total source function ~ LTE H~ source function until Thomson scattering takes over

nothing in the ALC7 spectrum
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CANONICAL CHROMOSPHERIC LINE FORMATION

1959ApJ. ..129..¢

In S/,

e CRD line source function including detour paths:

71/0 + giloBVO (T) + 771/,031/0 (Td)
L+e, +m,
= (1 — &y — 771/0) ‘7110 + 5V0BV0 (T) + nVOBVo (Td)

!
Soe

e ¢ = upper-lower collisional destruction fraction of total extinction
n = detour-path extinction fraction of total extinction
¢’,n’ = idem as ratio to scattering extinction
J = profile-averaged angle-averaged intensity
T, = formal detour excitation temperature: (g, D)/ (g: Di) = exp(hvo/kT})

e line source function split (Thomas 1957ApJ...125..260T):

“collision type” (H & K) or “photoelectric type” (Ha, Balmer continuum feeding)
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http://adsabs.harvard.edu/abs/1957ApJ...125..260T

B, S, J as temperature [K]
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Ho SOURCE FUNCTION IN THE ALC7 CHROMOSPHERE
after Rutten & Uitenbroek 2012A&A...540A..86R
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hd Srljo = (1—¢ey, =) 71/0 + €0y Buo (T') + 10y Buy (Ta) = 71/0 + €0 [Buy (T)— 1/0] + 1o [ By (Ta)—J ]

The detour part 1,, (B, (Ta) — J.,]/ S, exceeds the collision part e,,[B,, (T') —J,,]/ 5.,
However, their sum [S!, —J,,]/S!, (solid) reaches only a few percent so S!, ~ J,,. Across
the ALC7 chromosphere Ha is a scattering line, not “photoelectrically controlled”.

The Ha core is dominated by resonance scattering with a formation gap below the chro-
mosphere filled by backscattered radiation. The ALC7 chromosphere acts as scattering
attenuator building up its own irradiation. Most emerging photons are created in the deep
photosphere where ¢,, ~ 1 and J,, ~ B,,(T). The granulation pattern has larger contrast
than the fibril pattern but is washed out in the scattering across the gap.

The ALC7 Ha core formation is well described by the Eddington-Barbier approximation for
an irradiated finite isothermal scattering atmosphere.
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HYDROGEN IN THE ALC7 and FCHHT-B PLANE-PARALLEL STARS
ALC7: 2008ApJS..175..229A FCHHT-B: 2009ApJ...707..482F  discussion: 2017IAUS..327....1R
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similar NLTE formation = heavy two-level scattering

core intensities do not sense ALC7 chromosphere

narrow Nal D; flanks reverse reversed granulation

minority stages: recombination « /N, senses non-E Ly« settling and scattering

SST: Dopplergrams ~ unsigned fluxtube magnetograms (Na| D, formation)
non-E enhanced in cooling recombining downflows? (SE = Bifrost snapshot OK)
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Ly and Ha
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both: heavy NLTE scatterers with S~/
Lya: boxed-in by enormous extinction = radiative detailed balance: S=.J

1
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in shocks (=~ ALC7 chromosphere) collisional thermalization: b, ~ b,

in cool gas surrounding hot structures b, > 1 from Ly« surround scattering
in post-hot cool gas slow S~J thermalization with b, > 1: S’ memory of hot past

Ha: photons created in granulation
scatter 3D across upper-photosphere opacity gap and through chromosphere

in shocks etc. Boltzmann extinction b=b;
in post-hot cool gas b, > 1: extinction memory of hot past

Lya scene: heating events bright down-throat, cooling contrails dark from scattering?
Ha scene: RBE/RRE heating events, cooling contrails dark from non-E opacity?
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Ho and Call8542 A
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e both: heavy NLTE scatterers with S~/ sampled at similar =1 heights
e both: Saha-Boltzmann or larger extinction in shocks and ALC7
e core widths: both decrease away from network = decreasing temperature
e Ha fibrils extend further, contradicting Saha-Boltzmann extinction sensitivities
o fibril opacity in Call 8542 A instantenous, in Ha post-hot non-E?
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B! S: ‘J as Te! Texc’ Trad [K]
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heavy NLTE scatterers with PRD source function splits
near-Saha-Boltzmann extinction everywhere; abundance ratio 18
absence of non-E sensitivities = instantaneous chromosphere

slender fibrils emanating from network, in Call H &K better at narrower bandwidth,

in Mg Il k best in ky; peak separation

slender fibrils = propagating heating events?
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ALC7 ATMOSPHERE VERSUS FALC ATMOSPHERE

Avrett & Loeser 2008ApJS..175..229A Fontenla, Avrett & Loeser 1993ApdJ...406..319F
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Mg b, 5173 A IN ALC7 AND FALC
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Nal D; 5896 A IN ALC7 AND FALC
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> o LI I L B UBRBLEL BLRELELN B B B ALTA
7000F 10 -0.5 0.5 ] 0.5
s Te/ e ! '
1" = E ‘ ‘e 7000f {2000
3 E 9 :
_. - 6000F l2s o
& & : s X 6000 F-
,8 & &
17°= + 5000F g :
) 2 & E . 5000F
ST s IRCE
: @ E & =
! o 4000F 4~ 4000F ‘ 1500
r ; 1-3 F E - 7 . N ~
: : il-6 = ATCT . Call85azA
-1 IA.L.C.7.|....|....(|:E.l!|.8.5‘1‘%6 3000-|A.L.C.7/.1....|....(i':e.l!l.afs‘ltz.'.A 3000 b L Lo | L [ 0
0 500 1000 1500 2000 0 500 1000 1500 2000 -30 -20 10 0 10 20 30
height [km] height [km] A\ as Dopplershift [km s™']
AT ALTA
7000F s 10 -0.5 0.5 ] 0.5
1" = g T 7000f {2000
o E O, E
& B000F\ ./ oo~ E —_
5 3 EN S T < X 6000F -1500§
T E [= S £ =
128 5 : 2 = 3 0
< = 5000F é E 2
8 © E | 4,\ — 5000 - 1000‘:'/
- E S £ =
- £ ~ o E =)
@ g & = 2
I of 4000F = 4000F 500
I1-3 E ' > 3 -7 : =~
3542 : : A- =FALC . Callgsi2 k
-1 |F.A.L.C. PP I .9?!'.8?‘1‘2.LA 3000-|F.A.L. A IR B .(i.:? !I.B. ] .'.A 3000 Eovvvvnnn bbb b by
0 500 1000 1500 2000 0 500 1000 1500 2000 -30 20 10 0 10 20 30
height [km] height [km] A\ as Dopplershift [km s™']

cleanest chromospheric diagnostic in the near infared
start index



Call K3934 A IN ALC7 AND FALC
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Ha 6563 A IN ALC7 AND FALC
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Hj3 4861 A IN ALC7 AND FALC
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Hel 584 A IN ALC7 AND FALC
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FALC ATMOSPHERE VERSUS FALP ATMOSPHERE
Fontenla, Avrett & Loeser 1993ApdJ...406..319F
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Mg 14571 A IN FALC AND FALP
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ALC7 ATMOSPHERE VERSUS FALP ATMOSPHERE

Avrett & Loeser 2008ApJS..175..229A Fontenla, Avrett & Loeser 1993ApdJ...406..319F

10000 16
1155
< £
<. 8000 1148
e —_—
2 {132
g 6000 1 §
E 112
= g
4000 - > 1"

| U SN VT TR N VT TN TN TR [N SR ST T SR NN WO T T W | L 10

0 500 1000 1500 2000
height [km]

10000 T T T T T T T 16
1155~
< £
X, 8000 145,
9 —_
g 1132
@ 6000 ] 2
g‘ H total - 12§
= g
4000 | 11~

Lt Ll 10

1000 1500 2000
height [km]

Mg 14571 Fel6302 Mglb, Nal D, Ball4554 Call8542 CallK Mgllk Lya Ha HB Hel584

start index

0 500


http://adsabs.harvard.edu/abs/2008ApJS..175..229A
http://adsabs.harvard.edu/abs/1993ApJ...406..319F

Mg 14571 A IN ALC7 AND FALP

2I"."'I-""'I""I""I' 10000|....|....’/..é2.|....|. AK&A]
: 0 -0.10 -0.05 0.00 0.05 0.10
100007 T T T T
412 . — r .
< 3 I : 42000
; 3 8000 S L :
[ i —_ . —
= . S < 8000 :
S 3 S i ; 11500&
Qo B 9 2 . =
=) 138 ® r = I I
K] ES 7] S
> « 6000 © 3
s © L ~ = 6000 1000
0 - 8 = 5
3 g = - 2
@ I - : 1500
14 4000 4000 B
10 ] I Mg ! 457|1:A I |ALC7 1 ] Mg : 457|1A 1® I ALC7| -~ 1 Mgl 4?71A
0 500 1000 1500 2000 0 500 1000 1500 2000 -5 0 .5
height [km] height [km] AM as Dopplershift [km s7']
| BN B/ NI B L 10000 A}\,&A]
-0.10 -0.05 0.00 0.05 0.10
100007 T T T T
412 3 | r .
= L . 12000
5 8000 L :
[y —
= K = 8000} : =
S 3 = I : {15002
2 s F = I 1 =
8’ \ 1 _3‘g '_" I (%) g
= g © F : ]
\ g g 0000 ~ 6000 : 11000
| - - I s | . <
> S : =)
| %) = i ; E
| | o L L : 4500
' 14 4000 4000} .
S| FAP L Mgl4s71A [ FALP 1 Mg 1 4571A -6 [FALP 7 % " Wgl4571A
0 500 1000 1500 2000 0 500 1000 1500 2000 -5 0 .5
height [km] height [km] AM as Dopplershift [km s7']

unique photospheric line with LTE source function
start index



log b

log b

-1

-1

N ELELELAL B B LI I I

upper

ALC . A —Fe 6302 A

P AR A | LN 11

0 500 1000 1500 2000
height [km]

LI L L N N

FALP | Feleso2A
0 500 1000 1500 2000
height [km]

Standard polarimetry line

start

Fel16301.5A IN ALC7 AND FALP

&
log (fraction)

-7

-5

&
log (fraction)

|
~

B,S,J as T, Ty Trag [K]

B,S,J as T, Ty Trg [K]

10000

8000

4000

10000

8000

4000

6000

|.||-,||||]|-|||||.||

Fe 16302 A

Lov oo by by bywa a1y

I ALC7

0 500 1000 1500 2000
height [km]

6000

LRI VAR I I

" FALP Fe 16302 A

Lo v o by by a by aa a1y

0 500 1000 1500 2000
height [km]

-2

log (A,) [Gm]

1,(0,1) as T, [K]

log

1,(0,1) as T, [K]

10000

8000

6000

4000

10000

8000

6000

4000

M&A]
-0.15-0.10-0.05 0.00° 0.05 0.10 0.15

L 42000
- B
L 41500=
I i
L 3
8
= 41000=
=y
i K=
L Q
<
3 1500
L ALC7 _ ~i~ _Fel6302A
s ol e o Sy e L
-5 0 5
A as Dopplershift [km s7']
AL &A]
-0.15-0.10-0.05 0.00" 0.05 0.10 0.15
L 42000
- B
L 41500=
I i
L 3
8
= 41000=
Ny
i K=
L Q
<
3 1500
- FALP ~ 71T S Fel6302A
N BN S
-5 0 5
A as Dopplershift [km s7']
index



Mg b, 5173 A IN ALC7 AND FALP
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Ball 4554 A IN ALC7 AND FALP
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Call8542 A IN ALC7 AND FALP
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Call K 3934 A IN ALC7 AND FALP
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Mgl k 2796 A IN ALC7 AND FALP
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Ho 6563 A IN ALC7 AND FALP

2 L e e e A VAL L AR
| E SN . 10 -
i 1 1-7 7000F ! ST e
. r e -
-l St P 7 F — E
'| I'[ < 3 g 5 7000 3 2000
N i V1 eooof P z
! 1g& 3 f S X 6000F 1500
Q | 5 E D o E —
o F ‘ / 8 ® F S F 'ﬁ
° £ = 5000F ) @ : 3
i g 8 g |4 = S00OF 1000S
° 5 E {¢s : £
(2] E = E D
4 - E o - E <
9 o 4000 I § 4000 : 500
. ; ! : Do
\ f ! : 1-6 E ALC7 I o
-1 |A.L\C.7.1..t..|....'ﬁ.a...ll. 3000-?&".0.7.|....|....||-|.a..‘|.. 3000'-1.—r.7—.|‘../.|...|...|}$I.T|.—..—r.--0
0 500 1000 1500 2000 0 500 1000 1500 2000 -60 -40 -20 0 20 40 60
height [km] height [km] A as Dopplershift [km s7]
e
H | AL [A]
7000} 0 __1.'5 1.0 -05 0;[) 05 10 15
. : E 7000F {2000
3 : 19 :
_ +F sooof PSS S - s -
S B : S X 6000 I 115002
§ % f g | : =
€+ 5000F g 2
2 8 E .~ s000F 11000E
= S : 148 = : I I b=
- o ~ o F (=]
2] F ? = E | | :g
o 4000:— - 4000 | | 1500
] : Eo E I : I
>/ ! : 1-6 EFALP _ : o
-1 |F.A.LF\|/'....|....'ﬁ.a.l..l.. 3000-|E{A.LF.|....|....||-|PL..‘|.. 3000 vty byt 1 5T T0
0 500 1000 1500 2000 0 500 1000 1500 2000 -60 -40 20 0 20 40 60
height [km] height [km] A as Dopplershift [km s7]

Ha: extraordinary from high excitation energy, huge element abundance, on top of Ly«
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Hj3 4861 A IN ALC7 AND FALP
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Hp: analogon to Ha at 5.4x smaller oscillator strength and in the blue
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Hel584 A IN ALC7 AND FALP
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SOLAR SPECTRUM FORMATION: EXAMPLES
Robert J. Rutten

https://webspace.science.uu.nl/~ruttelll

thin: cloud modeling corona chromosphere Rydberg per ALMA?
thick: UV line flip VAL3C temperature VALS3C spectrum Kurucz stars

photospheric lines:  inversions bright points reversed granulation NalD1 MGs
limb emission lines

continua from VAL3C:  Avrett models versus 3D MHD VAL3C continua
VALII budget hydrogen budget all

lines from ALC7: model optical spectrum ultraviolet depletion hydrogen
strong lines plot formats pops plot BSJ plot profile plot Mg 14571
Fe 16302 Mg I b, Nal D, Ball 4554 Call8542 A Call K Mg Il k
Lya Hao HS He 1584 He 110830 canonical Ha Nal D;—Mg | b,
Lya—Ha Ha—Call 8542 A Call K-Mgl k versus FCHHT-B ALC7-FALC
FALC—FALP ALC7-FALP

detour lines: pumping suction
Oslo-simulated dynamic atmosphere: 1D RADYN 3D Bifrost Bifrost line synthesis

LA-conjectured PSBE atmosphere:  non-E Ha aureole boosting Ha extinction
CE-SB EBs spicules-I| contrail ALMA non-E chromosphere?

IRIS diagnostics: overview diagnostics
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Rydberg solution for coronium and nebulium

Thesis Henrik Hartman, Lund 2003

Figure 2.1: Rydberg’s periodic table of the elements. In the center is the electron and
between hydrogen (1) and helium (4) there are two holes (2 and 3) in which Rydberg
placed two elements called Coronium and Nebulium (Rydberg 1913).
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Zanstra mechanism

Osterbrock: In 1922 Russell, the very perceptive American astrophysicist, deduced on the
basis of these observational results that the mechanism by which the gas in nebulae is ex-
cited to emit its line spectrum is radiation from the hot star or stars involved in a nebula. He
suggested the radiation might be electromagnetic (light, visual and ultraviolet) or corpuscles
(fast particles)

Osterbrock re Herman Zanstra: he considered only the hydrogen Balmer lines, Ha, HS, H~,
for they and a few He | lines had been identified in gaseous nebulae, but the origin of the rest
of the observed nebular emission lines was still a mystery. Zanstra knew that these H I lines
could be excited by absorption of ultraviolet continuum radiation in the higher-energy Lyman
lines Ly, L~, Lyd, which, absorbed by neutral H atoms in its ground state with principal
quantum number n = 1, excite them to levels with n > 3, leading to emission of the Balmer
series. (The excitations to n = 2 lead only to scattering of Ly«.) The hotter a star is, the
stronger its ultraviolet continuum.

10:
£
(2
k&
N
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N
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Bowen nebulium lines

THE ASTROPHYSICAL JOURNAL

AN INTERNATIONAL REVIEW OF SPECTROSCOPY AND
ASTRONOMICAL PHYSICS

VOLUME LXVII JANUARY 1928 NUMBER 1

THE ORIGIN OF THE NEBULAR LINES AND THE
STRUCTURE OF THE PLANETARY NEBULAE

By I. S. BOWEN

ABSTRACT

Identification of nebular lines.—Eight of the strongest nebular lines are classified
as due to electron jumps from metastable states in N, Ou and Om. Several of the
weaker lines are identified with recently discovered lines in the spectrum of highly
ionized oxygen and nitrogen.

Behavior of lines in nebulae—The lines thus identified are shown to behave in
various nebulae in a way consistent with the foregoing classifications. A similar study
of the few lines yet unknown makes it possible to estimate the stage of ionization from
which they arise.

Structure of the planetary nebulae—On the basis of the foregoing identifications,
the relative sizes and intensities of the monochromatic images of the planetary nebulae
are explained by an extension and modification of the ideas developed by Zanstra for
hydrogen in the diffuse nebulae.

index



start

Bowen line pumping

Thesis Henrik Hartman, Lund 2003
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Figure 4.1: Principle for the Bowen mechanism in O III and a similar fluorescence case

in Fe II.
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Pumped Fe ll lines from symbiotic Mira RR Tel

Thesis Henrik Hartman, Lund 2003
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Figure 4.2: Part of the ultraviolet spectrum of RR Tel showing numerous fluorescent
<Fe II>> and high ionization lines.
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SOLAR SPECTRUM FORMATION: EXAMPLES
Robert J. Rutten

https://webspace.science.uu.nl/~ruttelll

thin: cloud modeling corona chromosphere Rydberg per ALMA?
thick: UV line flip VAL3C temperature VALS3C spectrum Kurucz stars

photospheric lines:  inversions bright points reversed granulation NalD1 MGs
limb emission lines

continua from VAL3C:  Avrett models versus 3D MHD VAL3C continua
VALII budget hydrogen budget all

lines from ALC7: model optical spectrum ultraviolet depletion hydrogen
strong lines plot formats pops plot BSJ plot profile plot Mg 14571
Fe 16302 Mg I b, Nal D, Ball 4554 Call8542 A Call K Mg Il k
Lya Hao HS He 1584 He 110830 canonical Ha Nal D;—Mg | b,
Lya—Ha Ha—Call 8542 A Call K-Mgl k versus FCHHT-B ALC7-FALC
FALC—FALP ALC7-FALP

detour lines: pumping suction
Oslo-simulated dynamic atmosphere: 1D RADYN 3D Bifrost Bifrost line synthesis

LA-conjectured PSBE atmosphere:  non-E Ha aureole boosting Ha extinction
CE-SB EBs spicules-I| contrail ALMA non-E chromosphere?

IRIS diagnostics: overview diagnostics
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PHOTON SUCTION IN ALKALI ATOMS

Bruls, Rutten, Shchukina 1992A&A...265..237B
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e line photon losses drive replenishment recombination flow

e ground state gets overpopulated to reach photoionization balancing
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Mg | EMISSION FEATURES AT 12 MICRON

12T Observed | 7i - 6h

....Computed A 12.32 um
"r ©=0.2

l, (1077 erg cm™2 5" ster™" Hz™")
S, (1077 erg em™ 57! ster™* Hz™")

811.4 811.6
Wavenumber (cm™')

e discovery
— Brault & Testerman 1980: McMath FTS, unpublished
— Murcray, Murcray & Murcray 1981: South Pole FTS, handmasked
— Brault & Noyes 1983ApJ...269L..61B: McMath FTS data
— Chang & Noyes 1983ApJ...275L..11C: identification
e explanation (Carlsson, Rutten, Shchukina 1992A&A...253..567)
— upper-level overpopulation toward laser rise
- bound-bound suction and bound-free pumping

- collisionally dominated recombination cascade
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12 MICRON EMISSION FEATURES

Carlsson, Rutten & Shchukina 1992A&A...253..567C, Rutten & Carlsson 1994IAUS..154..309R
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THE SIMPLEST HYDROGEN PROBLEM

Auer & Mihalas 1969ApdJ...156..157A  1969ApJ...156..681A
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e straightforward

ol il

T — Lya photon-loss coolin 3 ]
I , _ yap g o F E
g vl E — Balmer continuum heating : :
9/ — NLTE no lines ] o 2 E

E /-~ LTEnolines 3 e Intricate F 3
SV NLTE, La E . il E

SE7 - LTE. L - Ha photon-loss cooling F / ]

E. o 11,3 9:77'_1’{ I

-8 =7 —6 -5 -4 -3 -2 -1 - Ha photon-loss heating -7 -6 -5 —4 -3 =2 -1 0

logt log

e work through final problem in RTSA course notes
(only 5 pages of questions + 3 pages of footnotesize answers)

e explain every curve in every graph of Wiersma et al. 2003ASPC..288..130W
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SOLAR SPECTRUM FORMATION: EXAMPLES
Robert J. Rutten

https://webspace.science.uu.nl/~ruttelll

thin: cloud modeling corona chromosphere Rydberg per ALMA?
thick: UV line flip VAL3C temperature VALS3C spectrum Kurucz stars

photospheric lines:  inversions bright points reversed granulation NalD1 MGs
limb emission lines

continua from VAL3C:  Avrett models versus 3D MHD VAL3C continua
VALII budget hydrogen budget all

lines from ALC7: model optical spectrum ultraviolet depletion hydrogen
strong lines plot formats pops plot BSJ plot profile plot Mg 14571
Fe 16302 Mg I b, Nal D, Ball 4554 Call8542 A Call K Mg Il k
Lya Hao HS He 1584 He 110830 canonical Ha Nal D;—Mg | b,
Lya—Ha Ha—Call 8542 A Call K-Mgl k versus FCHHT-B ALC7-FALC
FALC—FALP ALC7-FALP

detour lines: pumping suction
Oslo-simulated dynamic atmosphere: 1D RADYN 3D Bifrost Bifrost line synthesis

LA-conjectured PSBE atmosphere:  non-E Ha aureole boosting Ha extinction
CE-SB EBs spicules-I| contrail ALMA non-E chromosphere?

IRIS diagnostics: overview diagnostics
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INTERNETWORK Hsyy GRAINS = ACOUSTIC SHOCKS

e Call Ky grains (Rutten & Uitenbroek 1991SoPh..134...15R)
- extended and confused literature (600 references)

— most likely non-magnetic phenomenon
— most likely acoustic shocks
— wave interference reminiscent of “clapotis”

Simulation Observations

e observation (Lites, Rutten & Kalkofen 1993ApJ...414..345L)
- sawtooth line-center shift

— triangular whiskers
- H2V grainS

e simulation (Carlsson & Stein 1997ApJ...481..500C)
- 1D radiation hydrodynamics

- subsurface piston derived from Fe | Doppler
ooz 00 05 o -oos 00 05 o — emulation of observer’s diagnostics

A\ (Angstram)
e analysis
— source function breakdown

— dynamical chromosphere
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CLAPOTISPHERE

Rutten 1995soho....1..151R “The internetwork chromosphere is inherently a clapotisphere”

“The extensive literature on the Call Ky, grains and related cell-interior phenomena leads
us to the conclusion that bright cell grains are of hydrodynamical origin, due to oscillations
that are present all over the solar surface but which produce grains only at places and
moments set by pattern interference between the velocity oscillations in the K3 layer and the
evanescent wave trains of the p-mode oscillation deeper down. They remind us of what is
called “clapotis” on sea charts for areas where wave interference produces waterspouts on
the ocean (Dowd 1981).”

Rutten & Uitenbroek 1991SoPh..134...15R

“When the crests of such waves coincide, their amplitudes combine, creating huge standing
waves, much steeper than traveling waves. This phenomenon is called “clapotis”. Off the
northern tip of New Zealand, where major wave patterns collide in deep water, clapotis is
regularly seen. The pinnacling waves formed here have so much vertical power that they
can throw a laden kayak clear out of the water.”

Dowd 1981 (not on ADS)
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SHOCK GRAIN DIAGNOSIS

Carlsson & Stein 1997ApdJ...481..500C

o0 o0 1
1,(0) :/0 S, e dnz/o S, T,e " d;;” dz

20 10 0 —-10 =20 20 10 0 -10 =20
Av (km/s) Av (km/s)
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SHOCK-RIDDEN COOL LOWER CHROMOSPHERE

Carlsson & Stein 1995ApdJ...440L..29C

10["""'['U'

= Semi—empirical
.— FALA

Temperature [10° K]

ETETETTRISUSNSNTeN A Y I NRTA NN IUSNITI CATIANRTNI TUNSTNITI INTUTINIT)

-

2.0 1.5 1.0 0.5 0.0
Height [Mm]

mean T(h) (thick solid) remains close to RE starting model (dotted)
bandwidth of T fluctuations (thin solid borders) very large above 1000 km
a fit of the mean ultraviolet intensities needs a temperature rise (dashed)
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SOLAR SPECTRUM FORMATION: EXAMPLES
Robert J. Rutten

https://webspace.science.uu.nl/~ruttelll

thin: cloud modeling corona chromosphere Rydberg per ALMA?
thick: UV line flip VAL3C temperature VALS3C spectrum Kurucz stars

photospheric lines:  inversions bright points reversed granulation NalD1 MGs
limb emission lines

continua from VAL3C:  Avrett models versus 3D MHD VAL3C continua
VALII budget hydrogen budget all

lines from ALC7: model optical spectrum ultraviolet depletion hydrogen
strong lines plot formats pops plot BSJ plot profile plot Mg 14571
Fe 16302 Mg I b, Nal D, Ball 4554 Call8542 A Call K Mg Il k
Lya Hao HS He 1584 He 110830 canonical Ha Nal D;—Mg | b,
Lya—Ha Ha—Call 8542 A Call K-Mgl k versus FCHHT-B ALC7-FALC
FALC—FALP ALC7-FALP

detour lines: pumping suction
Oslo-simulated dynamic atmosphere: 1D RADYN 3D Bifrost Bifrost line synthesis

LA-conjectured PSBE atmosphere:  non-E Ha aureole boosting Ha extinction
CE-SB EBs spicules-I| contrail ALMA non-E chromosphere?

IRIS diagnostics: overview diagnostics
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BIFROST SOLAR-ANALOG STAR

e Bifrost: a Modular Python/C++ Framework for Development of High-Throughput
Data Analysis Pipelines 2017AAS...22923605C

e Vertical crustal motion observed in the BIFROST project 2003JGeo...35..4255

e BIFROST project: 3-D crustal deformation rates derived from GPS confirm post-
glacial rebound in Fennoscandia 2001EP&S...53..703S

e 'SPACE”2013-2015: ASGARD Balloon and BIFROST Parabolic Flights: Latest De-
velopments in Hands-On Space Education Projects for Secondary School Students
2015ESASP.730..635D

e BIFROST: conference hotel in Iceland (not on ADS)

e Bifrost: computational star in Carlssonscandia, remarkably like the Sun in its spectral
characteristics and likewise non-plane-parallel, inconstant, and inconsistent, with the
virtue of showing much spatio-temporal fine structure similar to solar fine structure:
— granules and intergranules
— acoustic box modes similar to solar p-mode interference patterns
— non-diagnosed internal gravity waves
— clapotispheric internetwork shocks
— magnetic network concentrations
— dynamic fibrils
— Ellerman reconnection bursts
but lacking: spicules-Il, long fibrils, ks - ho peak separation, SilV in UV bursts, more?

e Bifrost analogs in chromosphere-formation stage: CO5BOLD MURaM Mancha
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BIFROST

e heritage
— Nordlund & Stein 3D HD =- granulation
— Carlsson & Stein 1D HD RADYN = Call Hyy shocks
— Nordlund et al. 2D MHD Stagger = MCs, internetwork

e code
- Gudiksen et al. 2011A&A...531A.154G Bifrost description
Carlsson & Leenaarts 2012A&A...539A..39C cooling + heating approximations
Leenaarts et al. 2012A&A...543A.109L fast angle-dependent PRD
Martinez-Sykora et al. 2012ApJ...753..161M ambipolar diffusion
Pereira et al. 2013A&A...554A.118P 3D simulation better than standard 1D models
Olluri et al. 2013AJ....145...720 non-E 3D solver
— Golding et al. 2014ApJ...784...30G non-E He ionization
— Carlsson et al. 2016A&A...585A...4C publicly available snapshot
— Sukhorukov & Leenaarts 2016A&A...597A..46S PRD in 3D simulations
- Martinez-Sykora et al. 2017ApJ...847...36M 2D (“2.5D”) ion-neutral
- Leenaarts 2018arXiv180506666L tracer particles = Lagrangian flow lines

e warnings

— if no Lya RT no N, boosting from Ly« surround scattering around hot structures
— 3D RT may be needed (MULTI3D of Leenaarts & Carlsson 2009ASPC..415...87L)
beyond columnwise (RH1.5D of Pereira & Uitenbroek 2015A&A...574A...3P)

- non-E RT may be needed beyond snapshot-wise SE (especially H, He)
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BIFROST ANALYSES 1
Hayek et al. 2010A&A...517A..49H solar-type stars
Martinez-Sykora et al. 2011ApJ...732...84M EUV line asymmetries
Leenaarts et al. 2012ApJ...749..136L 3D Ha formation
Stepan et al. 2012ApJ...758L..43S Ly« Hanle
de la Cruz Rodriguez et al. 2012A8&A...543A..34D Call 8542 A inversion test
Olluri et al. 2013ApdJ...767...430 non-E in OV ratios
Martinez-Sykora et al. 2013ApJ...771...66M Call and Ha from a spicule-l
Leenaarts et al. 2013ApJ...772...89L Mgl h &k for IRIS |
Leenaarts et al. 2013ApJ...772...90L Mgl h &k for IRIS I
Pereira et al. 2013ApJ...778..143 Mgl h &k for IRIS
Hansteen & Archontis 2014ApJ...788L...2A reconnecting strong-field simulation
Olluri et al. 2015ApJ...802....50 optically thin emission lines
Leenaarts et al. 2015ApJ...802..136L Ha fibrils versus field
Stepan et al. 2015ApJ...803...65S scattering polarization Ly«
Pereira et al. 2015ApJ...806...14P Mgl triplet formation
Carlsson et al. 2015ApJ...809L..30C Mg Il k from plage
Hansteen et al. 2015ApJ...811..106H heating from footpoint braiding
Rathore et al. 2015ApJ...811...81R IRIS C Il formation
Guerreiro et al. 2015ApJ...813...61G quiet-Sun heating events
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BIFROST ANALYSES 2

Martinez-Sykora et al. 2016ApJ...817...46M non-E SilV/O IV ratios

Golding et al. 2016ApJ...817..125G non-E He ionization

Nobrega-Siverio et al. 2016ApJ...822...18N 2D (Ha) surges

Kato et al. 2016ApJ...827....7K waves from magnetic pumping

de la Cruz Rodriguez et al. 2016ApJ...830L..30D Mgl h &k + Mg Il triplet inversions
Schmit+DePontieu 2016ApJ...831..158S IRIS SilV QS internetwork versus IRIS
Leenaarts et al. 2016A&A...594A.104L spatial structure in He | 10830

Schmit & De Pontieu 2016ApJ...831..158S TR emission from internetwork
Martinez-Sykora et al. 2016ApJ...831L...1M 2.5D ambipolar misalignment fibrils-field
Fleischman et al. 2017ApdJ...839...30F try NLFFF on Bifrost snapshot

Golding et al. 2017A&A...597A.102G He resonance lines

Kanella & Gudiksen 2017A&A...603A..83K detect reconnection sites and current sheets
Guerreiro et al. 2017A&A...603A.103G small-scale heating events

Martinez-Sykora et al. 2017Sci...356.1269M spicules from ambipolar diffusion
Hansteen et al. 2017ApJ...839...22H generation of bombs and nano/micro-flares
Nobrega-Siverio et al. 2017ApJ...850..153N 2D non-E SilV surges

Rouppe van der Voort et al. 2017ApJ...851L...6R plasmoids in UV-burst reconnection
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BIFROST ANALYSES 3

Bjorgen et al. 2018A&A...611A..62B Call H & K insufficient peak separation
Liu et al. 2018arXiv180402931L automatic swirl detection

Nobrega-Siverio et al. 2018ApJ...858....8N 2D non-E SilV, O IVsurges
Martinez-Sykora et al. 2018arXiv180506475M ion-neutral 2D: spicules-I
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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 |l k =~ doable

next: 3D PRD with multigrid (Bjergen & Leenaarts 2017A&A...599A.118B)
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NON-EQUILIBRIUM HYDROGEN IONIZATION IN 1D SHOCKS

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

cont

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

—¥n-4 — driven by photon pumping Balmer continuum,
I n=3 scattering from deep, ~5300 K, smooth

I E——
e

— closure by photon losses in n,, lines

n=2 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
n=1 — non-E: fast settling at high T, slow at low T

e between shocks hydrogen remains hugely overionized versus SE and LTE predictions

RADYN code: 1D(t) hydrodynamics, time-dependent, NLTE radiation, simple PRD
observed subphotosphere piston drives acoustic waves up that shock near h=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 ~ 10~! in hot and ~ 1073
in cool gas, the latter adding to much larger retarded b,
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DETAILED BALANCING

) Hydrogen ionization/recombination relaxation
1o timescale throughout the solar-like shocked Ra-
dyn atmosphere. The timescale for settling to
‘ equilibrium at the local temperature is very long,

c 15-150 min, in the chromosphere but much

5 shorter, only seconds, in shocks in which hydro-
gen partially ionizes.

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

net radiative and collisional downward rates (Wien approximation)

47 b —

Ny Ry — 1y Ry & o n/"" b, ol <By0 - =7 ) zero for S = J, no heating/cooling

14
by °

1y Cut — mCry = mChy (Z—“ - 1) = byn "y, (1 — f-’) zero for b, = b;, LTE S
1 u

dipole approximation for atom collisions with electrons (Van Regemorter 1962)

E —1.68
Cy = 2.16 (k—;) 7329 N, f

Einstein relation
Clu == C'ulﬂ eiEul/kT

Ju

C. is not very temperature sensitive (any collider will do); C;, has Boltzmann sensitivity
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NON-E HYDROGEN IONIZATION IN 2D MHD SHOCKS

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

“logp [g cm™]
12 9

z [Mm]

..........

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 N, boost from Ly« scattering
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Ha IN BIFROST

1D plane-parallel SE: Rutten & Uitenbroek 2012A&A...540A..86R
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H
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w
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3D non-E MHD: Leenaarts et al. 2012ApJ...749..136L

J [10'6 erg em?s” Hz' ster]

0.0 0.5 1.0 15 2.0 2.5 3.0
z [Mm]

Ha is a pure scattering line with S ~ J and a deep opacity dip in the upper photosphere
3D scattering across the opacity gap enhances fibril visibility
core darkness measures density, core width measures temperature

caveats: Bifrost snapshot, no non-E RT, lacking spicules-Il, long fibrils
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OSLO SIMULATION VERSUS 1D STANDARD MODELS
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e simulation = state-of-the-art: 3D(1), B, non-HE, SE populations but NE for H
Leenaarts, Carlsson & Rouppe van der Voort 2012ApdJ...749..136L

e ALC7 = UV fit: 1D static, no B, HE + microturbulence, SE populations
Avrett & Loeser 2008ApJS..175..229A

e FCHHT-B = UV fit: 1D static, no 3, HE + imposed acceleration, SE populations
Fontenla, Curdt, Haberreiter, Harder & Tian 2009ApJ...707..482F

The T and J,(Ha) behavior seems arguably similar. However, the conceptual differences
between plane-parallel static hydrostatic-equilibrium modeling and the 3D(t) MHD simulation
are enormous (cf. Newtonian gravitation versus general relativity). The T'(h) stratifications
in the simulation vary tremendously, with shocks propagating upwards and sideways and the

star¢ INcrease to coronal temperature dancing up and down over a large height range. index
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e optical Hel lines: nothing in ALC7, nor in atlases, nor in Moore-Minnaert-Houtgast

e more complex non-E formation than HI: not only Hel 584 acting as Lya but ioniza-
tion/recombination not limited to the atom top as for H | (smooth Balmer continuum driving
from below) but sensing hot and structured irradiation from above

¢ see Bifrost He papers and more to come
e to-do for 2018 = 150 years after Lockyer: explain He | D3 in flash spectrum

long dark Ha-like He Il 304 fibrils also memorial-opacity contrails?
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HYDROGEN AUREOLE BOOSTING IN COOL GAS BESIDE HOT GAS

Fontenla et al. 2009ApJ...707..482F Rutten & Uitenbroek 2012A&A...540A..86R Rutten 2016A&A...590A.124R
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steep B rises to chromosphere and corona emulate adjacent cool and hot features

scattering back-radiation boosts Siy .~/ and Ha extinction oc by ~ Siya/Brya
towards hot-feature value (left: dotted ni™® /Ny.:, dashed actual ny /Nyt

also by-boosted, with additional b, /b offset defined by the Balmer continuum
bs between b, and b, and sharing Ha photon losses

the FCHHT-B chromosphere is a back-scattering attenuator just as in the ALC7
atmosphere. The b, peak from Ly« irradiation does not affect Ha because even
with this boost the Ha extinction in the temperature miminum remains negligible.

A hot feature embedded in cooler gas has a similar Ly« scattering aureole en-
hancing H ionization and Ha extinction around it. A temporary hot disturbance
leaves such spread-out boost behind (a wake when moving).
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Ha EXTINCTION RECIPE

e, e retarded Lya balancing: extinction memory of hot moments

pr————— - nanyT¥ in hot shocks from fast Ly« balancing and increased ¢
w - ny decays slowly, tracking high shock values
0 C 15 — gigantic b, in post-shock cooling clouds until next shock
=1 ® Lya scattering: aureole boosting
. z"\_H_l Jﬁg/ ai - Lya scattering defines Sy, ~ Ji,, with radiative balance
j CE — hot features in cool gas have Ly« scattering aureoles

0 500 1000 1500 2000
height

- Hltop (n > 2 including n;.,) boosted in aureoles

e Ha extinction recipe
- find hottest instance nearby (~300 km) and in recent past (~minutes)

compute Saha-Boltzmann fractional n =2 population then and there

use this extinction value in cooler gas around it and afterwards

small hot features leave wider Ha marks (as the grin of the Cheshire cat)

fast small hot features leave wider Ha trails (as contrails from jet engines)

start



SAHA-BOLTZMANN FOR CHROMOSPHERIC LINES
Rutten 2016A&A...590A.124R
Bachelor exercise “Cecilia Payne”: compute N, and <"TF for given Ny _otal
“l taught making Saha-Boltzmann graphs to hundreds of students at Utrecht and elsewhere
with a lab exercise “Cecilia Payne” (available on my website). It uses a fictitious and unpro-

nounceable didactic element called “Schadeenium” after Utrecht astrophysicist Aert Schadee
(1936—1999), who invented it for teaching in the 1970s.”
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CORONAL EQUILIBRIUM VERSUS SAHA-BOLTZMANN IONIZATION
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Rutten + Rouppe van der Voort 2017A&A...597A.138R
“Carole Jordan versus Cecilia Payne”

CE
— up: collisional excitation/ionization
- down: radiative deexcitation/recombination
— NB: dielectronic recombination
SB
— up: collisional excitation/ionization
— down: collisional deexcitation/recombination
N, = 10* (other densities)
— SB: N, affects ionization, not excitation
- CE:
— smaller N,: SB peaks steepen and shift left

N, affects excitation, not ionization

hydrogen
— long HI tail from no HIII (log scales)
— still competitive at 10~ others
Mg lll, CV, SiV, SiXlll, Fe XVII, Fe XXV
— wide hump from closed shell (atom configs)

— extra recombination radiation into previous ion
index
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ELLERMAN BURSTS OVERVIEW

e Mount Wilson: solar hydrogen bombs
Ellerman 1917ApJ....46..298E  ADS citation history (100=1007)

— sudden brightenings in Ha wings
- not in line core, only in Balmer and Call lines

— between spots in complex emerging active regions

e DOT: pseudo Ellerman bombs
Leenaarts et al. 2006A&A...449.1209L 2006A&A...452L..15L
Rutten et al. 2013JPhCS.440a2007R

— magnetic concentrations in sunspot moat
— Spruit hole radiation plus small collisional damping
— Ha blue-wing BPs better than G-band BPs

e SST: true Ellerman bombs
Watanabe et al. 2011ApJ...736...71W

— photospheric jets in rapid succession along network
— shielded in Ha core by overlying fibrils
— photospheric strong-field reconnection?

e interpretation: reconnection per cartoon



http://adsabs.harvard.edu/abs/1917ApJ....46..298E
http://adsabs.harvard.edu/abs/2006A&A...449.1209L
http://adsabs.harvard.edu/abs/2006A&A...452L..15L
http://adsabs.harvard.edu/abs/2013JPhCS.440a2007R
http://adsabs.harvard.edu/abs/2011ApJ...736...71W

ELLERMAN BOMB VISIBILITIES
Rutten 2016A&A...590A.124R

e observations
- Ellerman bomb: Ha moustaches below core fibrils  [example] [movie]

also bright but different in Call8542A [example]
also bright but diffuse in AIA 1700 and 1600 A  [example]
not in optical continuum nor Fel, Nal D, Mg lb lines [example]

also bright in IRIS Cll and SilV lines [example]
hot FAF-like aftermaths with cool blends [example] [EBs vs FAFs]

e visibility recipes
— Balmer in hot and dense onsets: Saha-Boltzmann extinction

cooling aftermaths: long Balmer memory of large onset extinction

Ha wings: electron broadening (Stark + Holtsmark)
transition-region lines: at large N, extinction closer to SB then CE

“cool” blends: surrounding cool clapotisphere in slanted viewing (above)

— diffuse bright feet in 1700 A: surround irradiation by EB + bound-free scattering

start index
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g7==  ELLERMAN BOMBS PER LTE o
Rutten 2016A&A...590A.124R L=

jensity) [om]
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- extraordinary hot-gas opacity (large abundance, large excitation energy, no HllI)
— extraordinary wide wings at large H ionization (Stark + Holtsmark)
— extraordinary memory for hot past

e ultraviolet Balmer continuuum
- same hot-gas opacity and memory as Ha

— fibrils transparent so no Stark moustaches needed

- shielding by surrounding photosphere, but scatter-through in Mg | and Fe | edges
e other lines

- Nal D and Mg I b absent above 10000 K

- SilV absent below 20 000 K but may have hot-past memory in cooling gas

— EB bottoms shielded by adjacent or overlying cooler gas, except Ha and SilV
start index
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STRAWS / SPICULES-II / RBEs / RREs

e observations

“straws”, DOT Call H
Rutten 2006ASPC..354..276R

- “spicules-11", Hinode Call H
De Pontieu et al. 2007Sci...318.1574D

- “rapid blue excursions”, SST Ha
Rouppe van der Voort et al. 2009ApJ...705..272R

- “coronal heating events”, Hinode Ha + SDO EUV
De Pontieu et al. 2011Sci...331...55D

- “torsion-swaying jets”, SST Ha + Call 8542 A
De Pontieu et al. 2012ApJ...752L..12D

: - “rapid red excursions”, SST Ha
F‘E E‘E Sekse et al. 2013ApdJ...769...44S
—r" """ e simulation: Martinez-Sykora et al. 2011ApJ...736....9M
— feature called a spicule-Il but questionable
— no others in simulations so far
— driver unknown (Pereira et al. 2012ApJ...759...18P)

, |

i
13
:

e upshot: ubiquitous small magnetic heating events possibly important in
— quiet-sun (also unipolar) coronal heating
- fast solar wind driving
- solar wind element segregation

start index
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LONG FIBRILS AS CONTRAILS

Rutten & Rouppe van der Voort  2017A&A...597A.138R

. -
Ha blue wing  08:20:02 UT ticks: arcsec

Ha blue wing: fantail with slender extending dark thread = wide blueshifted core

visible in IRIS 1400 A (SilV), AIA 304, 171, 193 A, not in Ca 18542 A = hot

three-four minutes later dark Ha core fibril = non-E H recombination

large non-E Ha opacity in cooling post-hot-disturbance gas

fibril ~ contrail: not representing cool present but much hotter precursor past

line-tying by precursor H ionization: contrail maps preceding field topography
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SAHA-BOLTZMANN HYDROGEN EXTINCTION AT ALMA WAVELENGTHS

Rutten 2017A&A...598A..89R 2017IAUS..327....1R (tutorial)
5_"7""|""|1'5 '|""r""|1'a 0_"|""l""|rI
L A=0.3mm N, =10 A=1.3mm Ny =10"; A=3.0mm Ny =10
g Lya Lya
5 O o>~ _ ] s} "
— | Ha - = ==
g L
g s £
8 _f Hmin fF * =
= -10
S i
-15L e
_. 16f "N,
< 14 1
812 1
L[] IV e N B B by T (] N T T
5000 10000 15000 5000 10000 15000 5000 10000 15000
temperature [K] temperature [K] temperature [K]
e LTE extinction: Ly« Hlcontinua H ffcontinuum 8542  other lines

e Ha at high T: LTE extinction from nsnl ™" enforced by enclosed Ly«

e H ionization: n =2 population fixed by (actually non-E) Ly«; hydrogen top has addi-
tional NLTE-SE balancing between Balmer continum and Balmer lines

e Balmer continuum 7,4 =~ 5250 K: overionization below, underionization above
= de-steepening of these LTE H ff Boltzmann increases around 5250 K pivot

o aff ~ A\2N Ny, T73/? (RTSA Eq. 2.79) gives steep Hff increase between ALMA bands

e features with non-E post-hot Ha extinction have larger to very much larger H ff extinction

index


http://adsabs.harvard.edu/abs/2017A&A...598A..89R
http://adsabs.harvard.edu/abs/2017IAUS..327....1R
https://webspace.science.uu.nl/~rutte101/rrweb/rjr-edu/coursenotes/rutten_rtsa_notes_2003.pdf#page=47

start

€ 4 ¢ ¢ g 2017A&A598A89R

11.

© © ® N o g &

PREDICTIONS FOR SOLAR ALMA

. ALMA sun mostly covered by long fibrils (unlike simulated suns)

similar to Ha, good dark—dark correspondence, more opaque at longer ALMA wave-
lengths, less lateral contrast (no Dopplershifts)

temperatures: above 10000K in heating events propagating outward from activity,
around 7000 K in initial fibrils, cooling down to 5000 K in long contrail fibrils (or less)

heating events best detectable with ALMA (if sufficient resolution)

if so, darker aureoles vanishing above 15000 K (Ly« scattering)

small precursors produce 0.2-0.5 arcsec Ha and ALMA contrail widths (Ly« scattering)
precursors better field mappers than subsequent contrail fibrils (H ionization)
internetwork shocks only in quietest areas, with 4000 K cooling clouds (COmosphere)
no Ellerman bombs (hidden by fibrils)

flaring active-region fibrils poke through (@ measure reconnection temperature)
off-limb spicules-Il more opaque than in Ho and Call H

coronal rain much more opaque than in Ho
index


http://adsabs.harvard.edu/abs/2017A&A...598A..89R

SOLAR RYDBERG LINES WITH ALMA?

Rutten 2017IAUS..327....1R

e ‘linear thermometer”
— H™ free-free + Hl free-free: S =108

— thick feature: T, = T'(r,=1)
— thin feature: cloud contribution AT, =7T

e solar Rydberg lines so far
— in um range Mg | stronger than H

— prediction Hl a lines n=4 — 18
- HI119«, 21« observed at limb

e HI Rydberg lines with ALMA?
— candidate: HI 30« in Band 6 (1.3 mm)

- much stronger than above predictions from large post-hot non-E extinction?

if so, unblendedly present since Mg | etc are not non-E boosted?

on disk as 7'(7,=1) emission at steep 7'() gradient
at limb as 77" extension

Zeeman in [ and Stokes: super-sensitive chromospheric magnetometer?

start
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NON-EQUILIBRIUM CHROMOSPHERE

cromosphere potpourri

e Ha chromosphere = past defined by Ly«
- long fibrils = post-hot cooling clouds

- long-fibril contrast = different histories and Dopplershifts
- long-fibril widths = Ly« scattering (0.2—0.5 arcsec)

e Call H& K chromosphere = present defined by temperature
— thin fibrils = horizontally launched heating events

- thin-fibril widths = heating-event widths + scattering halo
— @ corresponding IRIS SilV, AIA EUV, ALMA mm features?

e Ha versus Lya = past versus present
- Lya grains = heating events
— Ly« short fribrils and comet heads = initial tracks
- @ Lya, ALMA heating-event imaging spectroscoy?

e Hao versus Call8542 A versus He | D; versus He 11304 = idem
— Call instantaneous = short fibrils

- Hel D3 ~ Hell304 = post-hot irradiated cooling gas?
- @ time-delay image correlations

start index



IRIS DIAGNOSTICS OVERVIEW

Voogpe (kM 5°']
200

-50 [ 50 600 400 -200

Silv
af 2

e SilV 1400 A lines
- peak ratio 2: feature (not “lines”) optically thin

— if so: faithful Doppler mapping (e.g., EB bimodal jets)
— gas temperature: 90kK for CE, 20 kK for SB (ALMA at ratio = 17)

e Mgll hé&k lines
- enormous SB opacity
- strong PRD scatterers
— SB opacity sampling classical chromosphere top to bottom

e Mgl triplet lines
- bright suggests steep deep temperature rise

— bright suggests (non-E?) recombination from wide Mg Il reservoir

— Mnlblend = photospheric gas along line of sight
start index



IRIS DIAGNOSTICS

e Mgllh&k
- Leenaarts et al. 2013ApJ...772...89L

- Leenaarts et al. 2013ApJ...772...90L
— Pereira et al. 2013ApJ...778..143
— Carlsson et al. 2015ApJ...809L..30C

e other lines
— Mgl triplet Pereira et al. 2015ApJ...806...14P

— Cll doublet Rathore et al. 2015ApJ...811...80R
— Cll doublet Rathore et al. 2015ApJ...811...81R
— Cll doublet Rathore et al. 2015ApJ...814...70R
- O11355.6 A Linetal. 2015ApJ...813...34L

start index
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SOLAR SPECTRUM FORMATION: EXAMPLES
Robert J. Rutten

https://webspace.science.uu.nl/~ruttelll

thin: cloud modeling corona chromosphere Rydberg per ALMA?
thick: UV line flip VAL3C temperature VALS3C spectrum Kurucz stars

photospheric lines:  inversions bright points reversed granulation NalD1 MGs
limb emission lines

continua from VAL3C:  Avrett models versus 3D MHD VAL3C continua
VALII budget hydrogen budget all

lines from ALC7: model optical spectrum ultraviolet depletion hydrogen
strong lines plot formats pops plot BSJ plot profile plot Mg 14571
Fe 16302 Mg I b, Nal D, Ball 4554 Call8542 A Call K Mg Il k
Lya Hao HS He 1584 He 110830 canonical Ha Nal D;—Mg | b,
Lya—Ha Ha—Call 8542 A Call K-Mgl k versus FCHHT-B ALC7-FALC
FALC—FALP ALC7-FALP

detour lines: pumping suction
Oslo-simulated dynamic atmosphere: 1D RADYN 3D Bifrost Bifrost line synthesis

LA-conjectured PSBE atmosphere:  non-E Ha aureole boosting Ha extinction
CE-SB EBs spicules-I| contrail ALMA non-E chromosphere?

IRIS diagnostics: overview diagnostics
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R SPECTRUM FORMATION: EXAMPLES
Robert J. Rutten

Cloudmodeling  corona  chvomosphere  Rydberg per ALMA?

UVinefip  VALSC tomperature  VALIC spectrum  Kurucz stars

Photospheric lines: inversions  bright ponts roversed granulation  Nal D1 MGs
imb emission ines.

continua from VALIC:  Avretimodels  versusSDMHD  VALSC  continua
Uil budget hyckogen  budget al

Hines from A model optical spocirum __ ultraviolt depletion  hyckogon
stonglines  plotformals  popsplol  BSJplot  profioplot  Mgl4571
Fol6302 Mgl Nl Ball4s54  Callgs2A  CallK  Mgllk
Lyn Ha HJ  HolS84  Hel10830 canonicalHa  NalD,-Mglb,

LyoHo  Ho-Callsss2A  CallK-Mgllk  versus FCHHTB  ALCT-FALC
FALC-FALP  ALCT-FALP

pumping  suction

Oslo-simulated dynamic stmosphere: 1D RADYN 3D Birost  Biost ne synihesis
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IRIS diagnostics:  ovorview  dlagnostics
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SUMMARY 1D SCATTERING SOURCE FUNCTIONS

CONTINUA

8.4 s temperaire

continua
- optcal: / 1 for radiative equibrium
- uitraviolet: 5
ikrared: J < 3 but J dogsnt matter since H; and Hy have S = 51

> 5 — overionization of minoriy neutals

« lines
- 4B/dr = ABJd(r* + /) much less stesp, 5o loser 1o isotherma = v
- forstrongor ines § soes moro of the model chvomosphoro
- ;

21

EXPLAIN EVERYTHING — INCLUDING SIMILARITIES AND DIFFERENCES
ALC7: 2008405. 175,220 FCHHTB: 2009A0...707.452F  FALP: 1993A0...406.319F

DYNAMIC FIBRILS

Ha: Hanstoen et al. 2006A0...647L.75#, De Pontiou ot al. 20074 655 624D (plage)
"Fouppe van dor Voort & De la Cruz Rodiguez 2013Ap...776. 56 (sunspols)

Call 8542: Langangen ot al. 20084 675.1194L

Lya:_ Koza etal. 2009A8A...499.917K

non-E 2D MHD simulaton: Loenaarts et al. 2007A8A. 473,625

-5
foool i

explanation: ;-mode-civen 3-5 minute shock waves along incined fied as sianied wave

Michaltsanos 197350Ph..90. 47
Bol 8 Looy 197A8A. 85,2090
‘Suematsu 1990LNP. 367.2

Do Pontu o al. 200Nt 130.5360
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CUT-OFF FREQUENCY LOWERING IN INCLINED FIELDS
197350P1..30..47W
THE FIVE-MINUTE PERIOD OSCILLATION IN
MAGNETICALLY ACTIVE REGIONS

A.G.MICHALITSANOS® **
Inttteof Asronomy, Universicy of Cambridse, Cambride, Englnd.

| Figure 14,
we note that in Region I, @(k,) is 50 longer asymplotc 0 o, a5 &, tends o 7ero.
“Therefor, for an inclined magnetic fed, magaetosonic waves may

aly at fsquencies <, T in Eqstion ) ve e a=

M@—M,f;r«’f:;v
acccos (B,/Bo). Ther e the critical

vy gt it it o vy s e e
i inclined from the vertical.
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STRAWS / SPICULES-II/ RBEs

« simuation: Martinez-Sykora ot al. 2011An. 736 .9M
- complex emergence, steep gradient, ntense currents
- spiular Joule healing (green), outiow (bue)
~ nearty coronal loop heaing (red)

« expectations
- quietsun (also unipolar) corona heating
- fast solar wind diving
- solar wind slement segregation

DYNAMIC FIBRILS

o Hanstoonotal. 2006 647,73, Do Pontou f . 2074655 240 )
Rouppe van de Voort & Do la Gz Rodkguez 2013401..76..56R (sunspols)

Call8542: Lar ot al. 200840, 675.1194L

Lya: Kozaotal Z000A8A..499.917K0

non-E 2D MHD simulaton: Loenaarts etal. 2007A8A. 473,625t

explanation: ;-mode-civen 3-5 minute shock waves along incined fied as slanied wave.

Metalisanos 1973508, 30,474
Bol 8 Looy 197A8A. 85,2090
‘Suematsu 1990LNP.367.21

Do oo atat Z6oeanr 30,5360
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FIBRIL-FIELD ALIGNMENT FOR NLFFF LOWER BOUNDARY

« NLFFF tosts wih ric
= NalD;: Metcall ot a. 1995AnJ..439.474M 20054 623L 53
-~ Ha & van Ballogooien 200840, 67212098 Wiegeimann et al

200850Ph.247. 249W

« good alignment
- Aschwanden el al. 20164826, 61A

« partalaignment
- de la Cruz Rodriiguez & Socas-Navarro 2011A8A. 527160
~ Loenaaris ot
~ Martinez Sykora ot al. 2016AnJ. £31L..1M
- Asonsio Ramos ot al. 2016arX161206086

1. 201504, 802. 136

« nonE alignment only at H lonizaton n propagating hoating events?
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Nal D, AND Mglb.

FiT

of

et
« simiar NLTE formaton = heavy two-evel scatiering

« core inensites do notsense ALG? chvomosphere

« nartow Nal D, flanks reverse roversed granulation

« non £ minoiy stagos: recombinaton x . s0ns0s Ly soting and scattring

« SST: Dopplorgrams = unsigned fluxtube magnetograms (N D, formation)
(S€
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31

Lya and Ha

and Callg542A

Call H&Kand Mgl hak

< .
5 I £ -
o BT 2 £ o 4
4 T 7 | WA
5 ) D1 " o (TR
R e N K i e Ny
o e 4 pliicr p ok 5
bt by NUTE s i 5 o CeE - i Pt
U bty s A S A, 557 o TS s 73 ¥k P ta e
in shocks (= ALC7 chromosphere) collisional thermalization: b, = b, )
= « o S Sotamam o argr i shocks andALCT e P W e D W RS
5 > » core widths: both decrease away from network = decreasing temperature » both: near-Saha-Boltzmann extinction everywhere; abundance ratio 18
< i o e s
. convascing « bt teace o o € srsben = baranaos vomoshare
e o e o cpacey i G542 sancs,n o s rn €7 s e
e e mareryof gt e e
g seone
e .| 29| 30| =
CLOSED AND OPEN QUIET-SUN INTERNETWORK IN Si IV 'SAHA-BOLTZMANN HYDROGEN EXTINCTION AT ALMA WAVELENGTHS SOLAR RYDBERG LINES WITH ALMA?
Peter et al. in preparation Rullon’  2017ARA_BSEA B0 2017WIE.227.. 1R (orla) Ruten 20171AUS.327...17
— ey e [
: o e qeme ilbooion: su5
= vis et o)
4 ~ - thin feature: cloud contribution AT}, =
P il pr p » solar Rydberg lines so far
£y 2 12| 10f £ - 0us
D e S M1t e chmemd ke
= -y =
« thinto ricish(ato < 2) ine formaton o UEerinction: Lya o Hicontiua H-flcomimam 8542  oberines o i
et Ht2oainBand s (151
« Gaussianfits + Ha at high T: LTE extincion from 7§ enforced by enclosed Lya (1:3mm)
- much stronger than above predictions from large post-hot non-E extinction?
it 1~ opiton s sl o €) Ly g o s -
« Vit conparna vt Hoaston: 2 copdaton by (actuly o) L o s bl ot el e v E bowad?
B . S  cochkas Ty 1 s s e () e
o
i ® af ~ MN.N,, T~ (RTSA Eq. 2.79) gives steep Hf increase between ALMA bands 3 - Zeeman in / and Stokes: super-sensitive chromospheric magnetometer?
SOLAR ULTRAVIOLET SPECTRUM VALIIIC MODEL VALIIIC SPECTRUM FORMATION
st s oy K g [ —— PR
S e
. .
e
Helun- on- e oy
s
B w w A
e ¥ oo Fell 4l
o iy LR
w o a a
pee iy T s
.
W’A}uﬂl
" | it
o i % e
S et
migeRt)
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KURUCZ STARS

Kurucz ATMOS program = LTE-RE-HE 1979ApJS .40._.1K

FRENN
\\|

A

[T

« Balmer edge at 1/
« Paschen edge at 1/1
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'SOLAR SPECTRUM FORMATION: EXAMPLES

Robert J. Rutten

thin:  cloudmodeling  corona  chromosphere  Rydberg per ALMA?

tick Uineflip  VALSClemperature  VALSC spocirum  Kurucz stars
inversions  brightpoinis  reversed granaion  NalD1 MGs

photospheric lines:
limb emission ines.

‘continua rom VAL rettmodels  versusIDMHD  VALIC  contnua
TR oage ogon et

model
swonglines plotiormas  popsplot  BSJplot  profleplot Mg
Fol602  Mglb, NalD,  Balldssé  CallesiA  CallK  Mgllk
o Mo W5 onelsts  Halioen owmmncdie "Nalocdigio

HoGalssizA CalK-Mgllk  vesus FCHHT® | ALCT-FALG
i Ror e

detour lines:  pumping  sucton

Onto-imulated dynamic stmosphere: 1D RADYN 3D Bifost  Birost i synthesis
nonE + extincion
s e e comat AR nonE cramospnares

IRIS dlagnostics:  ovorview  dagnostcs
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THE MOST SUCCESSFUL INVERSION EVER

Holweger 1967ZA...65.365H (243 ces); Holweger & Mile 1974SPh..39..19H (over 800 cites)

‘Z \ e

25T o e a0
T e

« PD thosis: ompirical LTE ftof the optical continuum and the dopths of 900 inos
« very simila 1 subsequent “Thearelical radiatve-equilbrium models
« HoMUL =

o] Unlor-
tnalel, these aro easiy arsing i the computor il Jonal processes
ar neglctd o rackatve s 1o o ot n col s, olisond ot
tion by hyclogen. generaly neglected ... However,inthe Sun, hycogen
ko cutnaner 90 100 olckons by . fac0r 1 10000 he UV rcaionfeld s
‘complicated by a vast number of absorpi

NLTE MASKING
Rutten & Kosti 198248A...115. 1048

 VALIIC = LITES stoeper deciine than HOLMUL ~ BELLEA
« utraviolet bf scatering causes Fol underopacitos
« strongine b scatering causes Fel source function deficts
« ulraviole bb pumping causes Fll source function excesses
« ompirical LTE lino dopth fting &l H
T ey dolan o1 coes s0p000 00 sl egh
- scattering Fe  cores suggest 100 low temg
- pumped Fell cores suggest 160 high emperature
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MILNE-EDDINGTON APPROXIMATION IN A MURaM SIMULATION
Vitas etal. 2000A8A..499.301V

« roprasentative woak Fo  ine with exciation onergy 0. 3, and 6

« dotted curve:lne-center = 1 (normalization)

ing.

« frst panel:
‘cause very stoap gradsents in normalized populations ~ 1 = o' /o

« other panls: ncreasing compensation from Botzmann excitation factor
« upshot: Milne-Eddinglon approximaton better al higher exctation
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ULTRAVIOLET DEPLETION IN THE ALC7 ATMOSPHERE

of aer Ly

y 3

ao00l
o 20 40 w0 w10 10 o 20 40 600 50 1000 1200
g e hoight fan]
minoky atoms:
« ulavilotbound-roe ecges produce scatering contiua
ei>n
= T(1) gradient defned b raiative equilbrium o the pical
Wien noninearity

105phoro bocauso ..

SOLAR SPECTRUM FORMATION: EXAMPLES

Robert J. Rutten
thin: cloud modeing  corona  chromosphare  Rydberg por ALMA?

thicki UVinofip  VALGClomporature  VALSC spoctrum  Kurucz sars
Photospheric lines: inversions  bright ponts roversed granulaton  Nal D1 MGs
imb emission ines.

continua from VALIC:  Avieitmodols  versus3DMHD  VALSC  continua

VAU budge hydrogen  budget al
Hines from A modal  optical spocirum __ ultraviolt depletion _ hycrogon
stonglinos _ plotformats  popsplot  BSJplot _profio plot 14571
Foleiz  Wglb,  NalD, " Balldsse " CallgseeA CalK Mallk
b HJ  HolS84  Hel10830  canonicalHa  Nal D,-Mglb;
HoCAIBSASA  Call KHGHK  vornos FOHTS | ALGT-FAL

i Ner e

detour lines:  pumping  suction

Oslo-simulated dynamic atmosphere: 1D RADYN 3D Birost  Biost ine synihesis
non € H Ha extinction
CE-SB  EBs  spiculesl contal  ALMA  non chromosphere?

IRIS diagnostics:  ovorview  dlagnostics
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FLUX TUBES

1970s: Utrech fxtube
e - magnetostatic equiibrium; flaing

- evacuaton: Wilson degression

- thin tube: hot wals brigh, brighter lmbwards

« 1980s: Zirich unsharp 1.50 models
~ MeMath-Pierce FTS Fel & Foll Siokes
- assume magnetostatic geometry
- spatilly-avoraged LTE Stokes profe fiting
- fatto-than-RE temperature gradient

« 19903+ sharp observations and simulations
hanced conlrast in G band, siong-ine wings
- rapid morphology change, much vorticity

~ noar b faculae: seo through into granuios

45

1970s magnetostatic fluxtubes

Koos Zwaan & Hans Rosenberg  Zwaan 197850Ph. 60,2132

=Y

Spruil 1976S0Ph. 50,2695 Rutien 1999ASPC. 184,181
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52

MAGNET

Ve

high-resolution observation
- Borger et al 2004A8A..426.6136: G-band bright points as ibbons and flowers

GHT POINTS

high-resoluton simulation
- Kolor ot al. 20
- Carisson

al. 2004Apu..610L137C: G-band faculae simulaion

bright points in H
= DOT Ha movie 20041006

- Loenaaris ot al. 2006A8..445.1

brightpoins i H

- Loenaaris ot al. 2006A8A..452L.15L: comparison ofbr

-point diagnostics

less bright pontsin “normal” ines.
- Vitas otal. 2000A84..499. 301V

Mot lines are not mucked

1 by granuiation

47

MODELIN

WORK/ PLAGE

NETISM FOR SPECTRAL IRRADIANCI

* Gt ageof e s = ol urce
\ / - Zwaan - Spruit:doalized magnetostatic luxtubos.

- ~ Stentio - Solanki - Kellr: unresolved FTS polarimetry

- Steiner - Kellr - Carisson: realistic MHD simulations

| « bright-point enhancements = hole despening
= CH G-band, CN 3883 band: dissocialon
- Follne gaps: ionization
- Balmar g wings: smal colision broadening
- Mal e cores: large hypertine broadening

« dark age of 1D iracianco modelng = down the rabbit hole
~ “chromospheric cloud = “photosphere healing”
~ FALP - FALCfudge = SATIRE (ADS N39 H13)
~ 1600A~ 1700A  [SSTICHROMIS Call K wing scans]

« coming age of simulation iraciance modeling -+ of age
10 - 30 abundances (pre/post Asplund’)
- fist top: MURaM with LTE
- 10do: 30(1) MHO with NLTE, ine haze, H NSE?
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'SOLAR SPECTRUM FORMATK ES

Robert J. Rutten

hin:  cloud modeling  corona  chromosphere  Rydberg per ALMA?

Mhick: UVineflp  VALSC temperalure  VALSC spectrum  Kurucz s

Photosphericlines: _inversions  brighi poin's  reversed granulation  NalD1 MGs
imb emission ines

comtmaom VALSC:  Avotioddls | vursus SOMHD VALSC  conia
VALIL - budget hydrogen b

lies from ALCT:  model  optical spectrum __ ulraviolet

swonglines _ plotiormats  popsplot  BSJplot _ prol

Fel02  Mglb, NalD,  Ball4sse  Callssi2A

g
nonical Ha_ Nal D,-Mg1b,

versus FCHHTB  ALCT-FALC

Ly Mo Hi  HelS84  Hel10830
bt Ho-CalsszA " callK-igilk
FALC-FALP  ALCT-F7

detourlines:  pumping

Outosimulated dynamic stmosphere: 1D RADYN 3D Biftost  Birost i synthesis

non-E H ol boo: H
CE-SB  EBs spicuesl conval ALMA  nonE chromosphere?

IRIS disgnostics:  overview  dagnosiics

SED GRANULATION OBSERVATION &
Lesnaarts & Wedemeyer B6hm 2005A8A...431.657L

LATION

 abservation simular o simulation 5o phenomenon “expiained”
« o magnetism since pure hydro simulation (CO'BOLD)
« intornal ravit waves?

50

OBSERVATION & SIMULATION OF Nal D, 118542A

Rutten etal. 201148531,

« atas profles
+ FALC formation

EEH
« Oopplrgram comparscrs SEH

+ profie comparsons.

upshot » simulation = observation but computed Call8542A is much 100 narrow

« diflrence in showing reversed granulation is sot by roversod infonsiy-
stoopness

« Nal D, Dopplorgrams aro uppar-photosphere Kiogauss magnalograms
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'SOLAR SPECTRUM FORMATK

Robert J. Rutten

N: EXAMPLES

hin: cloud modeling  corona chromosphere  Rydberg per ALWA?

Mhick: UViineflp  VALSC temperalure  VALSC spectrum  Kurucz stars

Photosphericlines: _inversions  bright points  reversed granulation  NalD1 MGs
imb emission ines

continua from VALIC:  Avistimodels  versisSDMHD  VALSC  continua
VAU budgel hycrogen  budget al

tines optical spo utraviolo doplotion  hydrogon

from ALC
srong lnes.
Folesaz  Mglb:  Nal
Ho W Helss
Uotta " o Ganaseoh
ER TS iy

oflopol M
all K

calMa  Nal D,-Mglb,
versus FCHHTB  ALCT-FALC

detour lines:  pumping

Oulosimalated dynamic atmosphere: 1D RADYN 3D Bifost  Birost i synthesis

L non-E H o Ho exti
CE-SB  EBs spicuesl conval ALMA  nonE chromosphere?

IRIS disgnostics:  overview  dagnosiics

Nal D, IN A MAGNETIC CONCENTRATIO

Lesnaarts et al. 20104u..709.1362L
i)
G

o) i)

53

FORMATION BREAKDOWNS Na D, & Call 8542A

Leenaarts etal. 2010

54

ERMULTI3D Nal D, DOPPLERGRAMS AS UNSIGNED MAGH

ETOGRAMS

Rutten et al. 2011A8A_S31A.17R

N o
LRI

Bath = 0km

A corllary it s b e ad -l
et eismology” i full-dis resonance-

BJath =50k

opac sht
{08 Dopplerhis act s shuirscoucurng the nne o wings
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SOLAR SPECTRUM FORMATION: EXAMPLES

Robert J. Rutten
thin: cloud modeing  corona  chromosphare  Rydberg per ALMA?
thicki UVinefip  VALGClemperature  VALSC spoctrum  Kurucz sars
Photospheric lines: inversions  bright ponts roversed granulation  Nal D1 MGs
imb emission ines.

Versus3DMHD  VALSC  continua

continua from VALIC:  Avret modols
VAU budgel hydrogen  budget al

optcal spoctrum __ ulraviolet doploton  hydroger
ot 8SJ

from
stong linos s o pot_proflepiot  Mgl4s71
Fol6302 10, Ball4sss  Caligs2A  CallK  Mglik
Lya Hel10830 canonical Ha -MgIb,
Lya-H Callk-Mgllk  versus FCHHTS  ALCT-FALC
P Ner e

detour lines: pumping  suction

Oslo-simulated dynamic stmosphere: 1D RADYN 3D Birost  Biost ne synihesis

+ extincion

L non € H
s e e comat AU nonE eamospnares

IRIS diagnostics:  ovorview  dlagnostics
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LIMB EMISSION LINES
« tabuiations
~ Menzel, thosis 1930, Pubs. Lick Obs., Campballeclipse spectra, ADS antiquies
- Dunn ot al. 1968A0J5..15.2750 HAO eclipse spocira comprahansive plot
imb spoctra_ plate wit Mg1 4571 A
19804845, 39,4157
- Rutten + XX: limb emission ines in Mgl &k wings
« o oarths
~ Canfiod 1971ABA...10..54C excerpt 1971A8A..10.64C oxcorpt
~ interocking - 1 > ¢ = 5 > I with much spatal smoothing

- Plerce 1968ApJS..17...1P exrem

- g
 pumped on ines
~ Fol13969.4A between Call Hand He: Cram et al. 1980An. 241.374C  oxcorpt
- subordinate lines sharing upper levels with sirong UV ines.
- large sensivity 1o deep temperature variations.
« strong ines with PRD wings
- Ball 4554 A: Rutten 1976S0Pn. 56.237R excorpt 1979ApJ. 291.277R excerpt
- others: Fo
« TE ines
~ Mgl 4571 A Rutton 1977507n. 51,38 excorpt

'SOLAR SPECTRUM FORMATION: EXAMPLES
RobertJ. Rutten

thin:  cloud modeling  corona Rydoerg par ALMA?

ehromosphere

Mhick: UVineflp  VALSC temperalure  VALSC spectrum  Kurucz stars

inversions  brightpoinis  reversed granulation  NaID1 MGs

Photospheri lines:
imb emission lines
Avett models

ac Versus DMHD  VALIC
VAT hodge ogen et all

contiua

: model hydroger

swongines | pollomats popsplol  BSIpal  prollept

Fol Moo, Naio, aallasse T CalssezA " Callk Motk

Lv "o "N Nelsas Holtomso eanencalHa - NaID
HoGASSIER. Call KGR v FOTNTS | ALCT-fAL

ER TS iy

detourtines: pumping  sucton

Outosimulated dynamic stmosphere: 1D RADYN 3D Biftost  Birost i synthesis

Ha Ha exinction

nonE
CE-SB  EBs  spcves! conral ALMA  nonE chiomosphore?

IRIS disgnostcs:  ovorview  dagnosiics

AVRETT SOLAR-ANALOG STARS

?m
o 255
Ew

g ONC ]
% g ]

# VALSC = Vernazza, Avret Loeser 1981AS..45.635V: bestt 1o UV continua
 MACKKL = Malby ot al. 1966A0J..306.284M: less sloop upper photosphere

« FALC = Fontenla, Avrlt, Looser 19934z.406.319F ambipolar dfusion

o ALCT = Avrt & Looser 2008AnS. 175. 229 UV-ine f; update 2015ApJ. 811, 87A

L resuits may be interpreted as hokding for a computationaly exisig star called
R 1 s i romatay i e S i 4ty spoihy avragod

atoms,

The advantage Solis
thatthe physics of Also, theso

Rutten “Radiaive Transe in Stallar Amosphres”

59

OSLO SIMULATION VERSUS 1D STANDARD MODELS

300), 1, non-HE, forH
van dor Voort

Leenaarts, Carsson & Rouppe 2012A00..749. 196

« ALCT = UV ft: 1D statc, no 1, HE + microlurbulence, SE populations
Avrett & Loeser 20084p.S.175. 2294

« FGHHTB = UV fit 1D statc. n0 1, HE + imposed accoleraton, SE populatons.
tenla, Curch, Haborroter, Harder & Tian 20094707, 482F

The 7 and J, (Ha) behavior seems arguably simiar. However, the concepiual diferences

aro enormous (cl.

roaiiity). The
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VALIIC MODEL

Veracz, v, Losar 19141545351
P s s
&

) ‘_n:‘

|

TR

ik
4 L il
[—— Tt ot
migeA

VALIIIC 500 nm FORMATION

VAL3C CONTINUUM FORMATION

s

VAL3C CONTINUUM FORMATION




VAL3C CONTINUUM FORMATION
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VAL3C CONTINUUM FORMATION
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A+ 2500m
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VAL3C CONTINUUM FORMATION
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TEMPERATURE MINIMUM IN VALII
Vernazza, Avrett & Losser 1976AJ5..30...1V (VALI)

o
iR omes

 0ops: b edges of slectron-donor metals wrongly i LTE
 0ops: 00 fow lne-haze ines and wrongly in LTE
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VAL3C RADIATION BUDGET

e |y, s

2=

NET RADIATIVE COOLING RATE (ergs cri®s")

= e 2052 T8 16 3
0 km)

'SOLAR SPECTRUM FORMATION: EXAMPLES

Robert J. Rutten
thin:  cloudmodoling  corona  chromasphore  Rydberg per ALMA?
thicki Uinaflip  VALSCtemperaturo  VALIC spocirum  Kurucz stars
Photospheric lines: inversions  brightpoints  roversed granuiaion  NalD1 MGs
limb emission Ines.
continua from VALIC:  Avietimodls  versusSDMHD  VALIC  contia
VAU budget hydrogen  budget all

model hycrogen
swonglines plotiormals  popsplot  BSJplot _ proflepiot  Mgl4571
016302 Mglb, NalD,  Ball4sss  Calssi2A  CallK  Mgllk
Lo Ha Hel584  Hol10830  canonicalHa  Nal D-Mglb,
Lyo-Ho Ho-Callgs42A  CallK-Mglik  versus FCHHTB  ALCT-FALC
FALC-FALP  ALCT-FALP
detour lines:  pumping  sucton

Oto-simolated dynamic atmosphere: 1D RADYN 3D Bifost  Bifrostino synihesis

Ha oxtinction
non £ chromosphere?

Pon-E Ho
CE-SB  EBs spiculosl conval  ALMA

IRIS diagnostics:  ovorview  dagnostcs

ALC7 ATMOSPHERE
Avrett & Looser 2008AnS. 175.29A

sof 25
= SN
. o
d
- .
o

oo @oniiy

« total hydrogen densty: exponential decay

« low eectron densiy in photosphere and temperature minimum
L Fo, Mg, Alwith 10+

increasing hydrogen ionization across chromosphere.

~ electron density reaches proton densiy a s 10p

« noar sothermal noar-constant. . chromosphoro




CRD RESONANT SCATTERING IN AN ISOTHERMAL ATMOSPHERE
RTSA figuro 4.12; from Avelt 1965SAOSR. 174.101A

'SOLAR OPTICAL VERSUS ALC7 OPTICAL — ON DISK AND OFF LIMB ULTRAVIOLET DEPLETION IN THE ALC7 ATMOSPHERE

. —_— « observed disk conter spacrum Jag v
) —] - NalD inos darkast rom scator
E| - H1 Baimer lines widest from inear Stark + Hotsmark. | A
- Call HKstrongest from Saha-Botzmann (‘Cecilia Payne”) "
H
 ALC7 disk-center spectrum per RH °
= 10SE wihoutgranuls, waves, shocks, i, magnetsm .
3 - ervomospher extent rom imposed urulentpressure e e
1 | I - ood reproduction, also ulraviolet (RH: ot H, not Kurucz) hegm e
] ] - oo tosh spocim o s
i - HiBaimer, Call H&K, Hel = Lockyer's ‘chromosphere™ . -"m: bound-ree edges produce scattering continua,
i .
mesent ociyer claooveny ol He! s T (h) gradient defined by radiative equilibrium for the optical
" i - made up of spicules —mnst«p«mlh ‘e ultraviolet due to Wien nonlinearity
i : ~ X operatorgves 1 » S for steep 5(2)
« ALG7 Hash spectum por AH oo xcapa rom smal HIb exincion
1051010 glno st soparmalamrgnarswihcosn o coni ~ o smalextnt « /... or alcton donors Mg, Fl, Sl and Al impy b, populaton depleton across
Tedstiion Theoaes Musate o ow a1 rmalaston s A et Gk Bl TS 16 protosoners bocauso .~ |
« o = ospioies & e
7 3  (only the righthand haives; - A/ o) 7 4 " .
HYDROGEN LINES IN THE ALC7 ATMOSPHERE STRONG LINES IN ALC7 LINES FROM THE ALC7 CHROMOSPHERE: PLOT FORMATS (Nal D.)

Avrett & Loeser 2008ApJ5.175.2294  Rulton 2016ASA. 5904124 e a2 W oer on

- Mgllk ™%
g - extincton LTE, source function 2-evel scattering =

- high peaks, low PRD dips,low wings.
« Callk
- lower abundance and ionizaton, underionization
~ smallpeaks and PRD dips
« Calnssiz
- as Call K with Bolizmann lowering and sonsiviy
- simiar source function samping as Ho

-t

SxOmB Sx(1-c))taB (oacs) 10) = STr

Dvergence win

o ks on  curve.

o s ATE Scat st g N mioryspacio

Jation 1/ N..-cu POt SabaBozmann. Diforence wih tho NLTE curvo
.

Lya: tremendous scattering with S,,./</,.. bul local thermalization with Jy, <D, .
J

Ly scatiering as Lya, shares photon losses in Har (Ha tioks 7=3,1.0.9) P
(same 5/ b 1 since b, but ofsets ife n temperature represeniation)

n=1: Saha Bolzman =1 population because hydrogen is neural
(except in ransiton region a right)

11=2: Saha-Bolzmann b1 population from Ly thermalization =
(doted fracion curve = ¥/ Ny ~ dashed curve = actual s/ Ni..) . . «Ha

- o sensitty to temperature ise

« Mg, i, tic, dashed: .. J s orma lemperature (lor common scalo wit oher nes). og
~ as Nal D, but photospherc overionization ot e o il soprstodion: Bk s B

- o sensitvty to temperature ise 7 ot mamataton aogh G 3 éare et of 0 v a b
‘Genoous iab of 1km. The A mark s nearcor thermalizaton doph.

« thidpot. emergentprofie

onization: .../, defined by SE balancing of 5(1'%™)/ () lonizaton driving and cas- s - chvomospheric scatterng of photospheric photons.
‘cade recombination wih high- ine photon losses. The H1top (n > 2) oprosents ~ chvcmonphera exiochon LTE bom Ly besiip - 1k eyt ot s trgras e
- ‘2340 akallatom with ground-state population set by Lyo. . - ) ‘ 3

LINES FROM THE ALC7 ATMOSPHERE: POPULATIONS PLOT (Nal D;) PROFILE PLOT (Nal D;)

s 02 % 02 o4

nor N i,
2 o 0 2
=3 = = 825 Dopplersi fon 5]
T ol = bl S (b /B S (b/m)B Su(-e)T+aB  AmVF/laee) @~ b T N A Vi ¥A=N0)  7y= = [0 +0)
« sold: NalD,. Unity in large + 1 ookt D 38 largarur T o remove ik ncon vreon v vvseryh b « sokd:_emergent ntensiy in the radial direction, represented as formal b
collision frequency at high densty, wih < ~ 1 (175 J plol. Increasing b, < divergence ature for comparison with other lines and the Eddington-Barbier estimate (15./ plot, tem-
s 2 + Wik aots: atD: S e w.n excitation temperature 7.... The DAL cxe i b . nlon daplys. Sinkary, e ot
foeponds lo . divergence in the populations plo, but ,,,,,.,.‘ o ook poned wavele on from ine center is in km s for comparison wit ines. Wave-
photne edge at 2612A, Bt el ] et length separations in A along the top.
The log 7 center. « dashed: 7,1 height, scale at right.
" mctonl popultn oo, por Seh Bcemarn. Scsle s P Nl 1 8 - « dashed: « dotted, vertica Jinthe BSJ plt.
« dotted: 24evel photon destruction probabiity <, for the Doppler core. Scale 10 the r-w o 1 . i roquancy ncapendont 1n souafncions (T e 797 )

155 loizaon akowestrperaur, oep dock at ncroas T and deioasng . (saha), Follows

o+ or Scale to e bl

« dashed: inNLTE « dotdashod:
7 9 sl ol oo L o v TomLTE s corospons o 8 O ioht Exangle: A, 81 -
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85

88

Mg14571 A FROM THE ALC7 ATMOSPHERE

oo om B8 om o

unique photospheric ine with LTE source function
* gsicton sewrely out o LTE. Dop 1 09 across i ALG? phlospher fom ovrr

et a1 201 ang T64TA. Cotesponding dop b 40 b, 70K o e

temperature.

« ths pattern is common 1o al lines of minorty neulrals with ulraviclet ionization wave-
enghs,inciucing the electron donars (g1, Fel, Sil, Al

Fe16301.5A FROM THE ALC7 ATMOSPHERE

s-000-005 88 008 010 o

\fl )

standard polarimetry ne

« severo extinction NLTE across the photosphero due 1o ultraviolet bound-roe scatiering
overionization and aff

« minor 5* NLTE rom resonance scatteing i the upper pholosphers (5

o code e eu 8 Mcuon) sofetnes ke MLTE e sl k.

focing the tau scaling (i curve)

i)

Fariah

and wavelongin

Mglb, 5173 A FROM THE ALC7 ATMOSPHERE

s fe

8881

diagnostic of upper photosphere

« large NUTE
« large NUTE

+ CRD scatterng source function with < = 10-*

« simiar o Nal D,

5 e o - . EST AT S T ————————
bt ites ot heandis . o :
» yot fairly strong because its lower level is the Mg | ground state N
« s shomsoha bormoneter i eces ot MTE b e oph 83 84
Nal D, 5896 A FROM THE ALC7 ATMOSPHERE Ball4554 A FROM THE ALC7 ATMOSPHERE Call8542A FROM THE ALC7 ATMOSPHERE
o0 02 4 02 s o0 _om B om o A e
S 7
X e " e
H ._..J\(yo\\ K U ot |
MR T T o

« ulraviolel underionization offsets Saha deplaton above 700km

« 21ovel CRD scattering with < = 10-* and 5 = 7 << [ i the ALC7 chromosphere

« thermalization in mid pholosphere: core inensiy does not sense ALCY chromasphere,
b, bserved

« usofulness: sharp Nal D Dopplorgrams indicato dooply-located shocks in luxtubes

86

« oxtincs

o o0 4 540K agace L.

wings, outer

« ' spitin upper photosphere produces emission wings ai the imb

(my 1976 acipso-expodiion PhD thesis)

« usefulness: non-

ity rom arge mass (/i

rmal Doppler sensi nn
Intricate near-limb Harie profe fom hypertine st

sonance fne with o Call K.
wih & ~ 10°, therelore Giferent monochvomalc S, and J, curves for lne conter, inner
wings.
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loanest chromospheric diagnostic in the near infared

« extiction:

+ CAD scattoring source function with ¢ ~ 10-*

« core formation spans lower ALC? chvomosphere

« best optcal e for chromaspheric magnelomery

« usefuiness: atlonger wavelengihs more dfracton butless seeing = prime DKIST fine

Call K 3934 A FROM THE ALC7 ATMOSPHERE

06 00 02802 a4 0s

largest extincton in the oplical spectrum

extincton: successive , boos!s from photon losses in infared tripet and H&K compen-
satos Saha dopletion

« core formation spans the ALC7 chromosphere.
« narrowness of the Doppler core upsats fiterimaging so far
« Sunrise 2/SuFi bestso far; high hopes for SSTICHROMIS.

89

Mall k 2796 A IN THE ALC7 CHROMOSPHERE

N

leanest PRD line and yet larger exticton than Call K

o UTE

~i0 e

« textoook scattoring docine

« simiar 1o Call K but with 18 larger abundance and with much darker wings.

* uslonees: oy dagnosic bt reres soacs o

‘specirometry very if

sitloss ot
Combing win et ouble between & k recombinaton indicator

90

Lya 1216A IN THE ALC7 CHROMOSPHERE

champion: largest extincton and most scattering of al ines:

« lower-evel population racton =

hydrogen in ground state

laon of he roued sae owsds he o rogon fom phoon losses
© Winga wih SIgh scafonng 6rops 5 &

ks, o

A goes from x 1/< towards x 1

. roduces 5~
b b = 1 imphis LTE oxtinction or Har whoro i 0scapos.

« usolulness:

A+
chromosphere;

B.3)

= with density from Stark wing development (not shown)
mBT
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Ha 6563A FROM THE ALC7 ATMOSPHERE

15 10 a8 0s 1o s

3 4861 A FROM THE ALC7 ATMOSPHERE

1o _cas W a5 1o

He 584 A IN THE ALC7 CHROMOSPHERE

23 02 00401 02 0

v : i
1 2 ) i . 1 o
s " g s . i
_% ¥ yE2 Eom v ‘.,g ¥ ol
N o LT 2 i o [ L )| F 2
ol Lo N\ E o 95 = = e i [ 3
] i i " e e
Ho portyn H3: analogon o o at 5.4 smalercscilator strangih andin the bve backvadiato into chromosphero
. 10 duoto . .
+ extincton cofiient near-LTE up 0.2000 kim by Ly thermalzaion incompaten i Ho Gk i roius « b1 up o oronal ise
e “Bhotoclectic - el sosper + PRD neglcted here but not much diference
« upper Zless stoop ' docay from shoterwavelengh « dotaled radiaive balance 5 ~ 7
. = s e e o e « much radiaon from coronaiise down ito hvomosphere due o farly large , resuing
« targe Jacross in’. increase o verylrge vaues
. 00~ T « Ricomputed profie has less doep wings then observed alas proie (not shown) be- A A 5 i BN 000
. partices (lss stoep ving 6op than Voig lunction)
« useluiness: prominences, flres, Elermans, dynamic i, spicues-l, .= non-€ 9 2 « useluiness: iferences agains Ho 9 3
Hel 10830 A IN THE ALC7 CHROMOSPHERE CANONIGAL CHROMOSPHERIC LINE FORMATION Ho SOURCE FUNCTION IN THE ALC7 CHROMOSPHERE
e o - afor Rutten & Utenbroek 2012484 5404.865
g d 1
ook !
ol i )
b Smowomrnapert "
not o intrest i ALC7
. 5 T e e DR
+ GRD ne source uncion incuing detou pats: Yoo bl o0 el
« minvto jaton rom oo tacor
e T T RV N S5 (1 ) o B 40 B (F3) = o B ()T 1 B(Ti)To)
+ uppereve -2 S X The det ] .
e e X our 17,1/, ecods e clsn [0 1)1/
comnadason o ansien 30an o chorerprars (1= o = ) T+ BT+ BT} However, 55, ~ 7./, (s0id) reaches ony  few percent s0 5., =
. TEH
e e « < = upper lower colisiona desirucion racton of o s
nothng inthe ALCY specir = detourpaih extincion racton of oal exincton L L e
/= dem as ratoto scatering extincion
o-aver od mensiy idng up s own iadial I
7, = formal dotourexcation temperaturo: (5, D)/ (5 D) = exp(hus/ATi) Shotosphere whero . 1 800 1. = (). The granlation patern has large contrast
« ine sourc fncton spt (Thomas 19574pJ. 125.260T): « TheaLc?
index “colision typ" (H8 K)ot ‘haloelectic ype” (o, Balmercontinuum feoding) i aniradated e soinermal scatering amasphere
HYDROGEN IN THE ALG7 and FCHHT-8 PLANE-PARALLEL STARS Nal D, AND Mglb, Lya and Ha
ALCT: 2005ApiS. 175,204 FOHHTE: 2009AnL. 707, 482F  discussion: 2017AUS.527...1R
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« simiar NLTE formaton = heavy two-evel scaftring
« core nensites do not sense ALC? chvomosphere

« nartow Nal D, flarks reverse reversed granulation

« minoritystages: recombination . senses non-E Lya seting and scatering
* SST: Dopparyane = rwgnad Aot egrwogarns (a1 O ormalr)

[ o
] 327 H
"} o o000| a2
I el ]
™ i L
g ™ o8 3 |F

 both: heavy NLTE scatiorrs wih S/

 Lya: boxedin by enormous extinction = radiative detaled balanco:
inshasks (~ALGYcomshere)cotionl thrmakztor ey
o> 10 S
 Ha: photons created in granulation
in'shocks elc. Bolizmann extinction b,
in post.hot cool gas &, 1: extinction memory of hot past
« Lya scono: hoats
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Ha and Call8542A

Call Kand Mgl k

e
e A

i i g ;
oo e 2 B €
" 2 e ? O a1
0 B 2 [ 2
? el Pr b ot o 3 3
o S i i He
« boi: heay NUTE scaieres wih S/ sampld at simiar 7~ 1 eigts
* both: Saha-Boltzmann or larger extinction in shocks and ALC7 » both: heavy NLTE scatterers with PRD source function splits
+ core wicths: both decrsase away fom network = decreasing temperature « bot: near-Sana Botamann extincton everywhere: bundance aio 18
. convaseing « bot: absonco of non-E sensiies  instantaneous chromosphore
Sl opaciy n Call 542 A instatenous,in Ho posthot non €7 « ban Call HA K botr at narrower
in Mgl best i k. poak separaion
1 O 1 « slonder flrs = propagatng heating vents?
Mg14571 A IN ALC7 AND FALC Fo16301.5A IN ALC7 AND FALC
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ALC7 ATMOSPHERE VERSUS FALC ATMOSPHERE
Avrett & Loeser 20084pJ5.175.2294  Fonlenia, Avrett & Loeser 1953ApJ..406.319F
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loanest chromospheric diagnostic n the near infared
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Call K3934A IN ALC7 AND FALC

Ml k 2796A IN ALC7 AND FALC
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FALC ATMOSPHERE VERSUS FALP ATMOSPHERE
Fontenia, Avrett & Loeser 1953Ap...406. 315F
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MgI4571 Fol6302 Mglb, Nal D, Ball4ssé Callgsaz CallK Mgllk Lya Ho H3 Hel5es
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Mg14571A IN FALG AND FALP
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unique photaspheric ine with LTE source function
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Lya 1216A IN ALC7 AND FALC

U e s T
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champion: largest extincion and most scattering of al ines:

Hel584A IN ALC7 AND FALC
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Mglb, 5173A IN FALC AND FALP Nal D, 5896 A IN FALG AND FALP Ball 4554 A IN FALC AND FALP.
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Hel584A IN FALC AND FALP
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ALC7 ATMOSPHERE VERSUS FALP ATMOSPHERE
Avrett & Loesor 200840, 175.229A  Fontenia, Avrett & Loaser 1993Ap.. 406.319F
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Mglb, 5173A IN ALG7 AND FALP
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Callgs42A IN ALC7 AND FALP
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‘leanest chromospheric dagnosti i the near infared
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Mgll k 2796 A IN ALC7 AND FALP
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Lyo 1216A IN ALG7 AND FALP

N

s a0 ax W er

champion: largest extincion and most scattering of al ines.
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H3: analogon to Hes at 5.4+ smallr oscilalor irength and i the blvo

140

Hel584A IN AL

7 AND FALP

et u

backradiator ino chvomosphoro

Ring Nebula — M57 - NG
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Rydberg solution for coronium and nebulium

Thesis Henrik Hariman, Lund 2003

138

141

Ha 6563A IN ALC7 AND FALP

MW es 1o us

it ea e

ontopofLya

non-E H H
CE-SB  EBs  spicues| conval  ALMA  non-E chromospher
IRIS diagnostcs:

overview  dagnostics

'SOLAR SPECTRUM FORMATION: EXAMPLES

RobertJ. Rutten
Mhin: cloud modeling  corona chromosphere  Rydberg per ALMA?
tick: UVineflip  VALSCtemporature  VALIC spocium  Kurucz stars
photospheric lines: inversions  brightpoints  roversed granuation  NalD1 MGs
timb omision s
continua from VALSC:  Avietimodels  versuisSDMHD  VALIC  contiua
VAU budget hydrogen  budget all
nesfrom ALC7:  model  optcal specirum __ ultraviolot deplation  yckogen
swonglines_plot form Popsplol  BSJpot profloplol  Mgl4s71
Fol6%02  Mglb, N all4S54  Callss2A  CallK  Mgllk
Lya Mo Hi  HelS8é  Hel10830  canoncalMa  NalD,-Mglb,
Lys-Ha  Ha-Call8st2A  CallK-Mgllk  versus FCHHTB  ALCT-FALC
FALC-FALP  ALCT-FALP
detourlines:  pumping  suction
Outosimalated dynamic stmosphere: 1D RADYN 3D Bifost  Birost i synihesis

thumbs/thumb-

144

ssffpn—-zanstr
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Bowen nebuiium lines

THE ASTROPHYSICAL JOURNAL
AN INTERNATIONAL REVIEW OF SPECTROSCOPY AND
STRONOMICAL PRYSICS

vowmeLxvii  JANUARY 1928 NUMBER 1

T gy 0F T ALK L D 11
o oF Tt PLAKETARY
it o B it

it 02 e
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Bowen line pumping

Thesis Henrik Hartman, Lund 2003

2 S R—
RN s (o
4o
Figure 4.1: Priniple for the Bowen mechanism in O 11l and a similr fluorescence

'SOLAR SPECTRUM FORMATION: EXAMPLES

Robert J. Rutten
thin:  cloudmodoling  corona  chiomasphore  Rydberg por ALMA?
ik Uineflip  VALSClemperature  VALIC spocirum  Kurucz stars
Photospheric lines: inversions  brightpoints  roversed granuiaion  Nal D1 MGs
limb emission Ines
continua from VALIC:  Avietimodels  versusSDMHD  VALIC  contia
VAT et ogen et all
model hycrogen
sionglnes pllomas “popspll  BJpll  plloplol  MgldsT1
016302 Mglb, 19, Sallasss CalesezA “Calk Mok
b we h Hol10830  canoncalHa  Nal D,-Mglb,
HorGaIBSAER  Call KiK. v FOTNTS | ALCT-SALG
AR TS id
detour lines:  pumping  sucton

Otosimalated dynamic atmosphere:

IDRADYN 3D Birost  Bifost ine synhesis

o oxtinction

CE-S8
s

ignostis:

PonE Ho
e e i ALUA o mmosphare?

overviow  dagostis
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PHOTON SUCTION IN ALKALI ATOMS

Bruis, Rutten, Shhukina 199248A..265.2378

« minory atom: continuum = reservoir

« lino photon losses drive replerishment recombination flow

12 MICRON EMISSION FEATURES

1992A84..250.567C, 19941AUS. 154,309

THE SIMPLEST HYDROGEN PROBLEM
Aver & Mihalas 196940156157 1969AnJ..156.681A

« simplo
- plane-paralel HE + RE
- 24evel + continuum + CRD.

- Balmer continuum heating
« intricato

- Ha photonoss cooling

- Ho photonoss haating

« work hrough fnal problem in RTSA course notes
(only 5 pages of questions + 3 pages offootnotesize answers)

« explain every curve n every graph of Wiersma et al. 2003ASPC 288, 130W.
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153

Pumped Fe Il lines from symbiotic Mira RR Tel

‘Thesis Honrik Hartman, Lund 2003

p
3 | e
e pn 1 ‘ |
/ ‘/wJ M W“Lm

Mgl EMISSION FEATURES AT 12 MICRON

ey -
« discovery
- Braul & Testerman 1980 McMath FTS, unpublished
- Murcray, Murcray & Murcray 1981: South Pole FTS, handmasked
- Braul & Noyes 136340J. 2631616 McMath FTS data
- Chang & Noyes 1983AnJ. 275L.11C: entication
« explanaton (Carisson, Ruten, Shehuking 1992A8A. 253, 567)

Jovel overpopuation toward laser riso
- bound-bound suction and bound-ree pumping
- colisionally dominated recombination cascade

'SOLAR SPECTRUM FORMATION: EXAMPLES

RobertJ. Rutten
thin:  cloud modeling  corona  chromosphere  Rydberg por ALMA?
Mhick: UViinoflp  VALSC temperalure  VALSC spectrum  Kuruez stars
Photosphericlines: _inversions  bright points  reversed granulation  NalD1 MGs
imb emission Ines.
conting 3C: Awetimodels  versus3DMHD  VALIC  contnua
AT et ogen et all
: model hycrogen
sirong nos. v\u”ovm.)ls poselo | Bl pollepkl  MgleST!
foie wglt 1D, Ballasss  Callsss2A  CallK  Mgllk
Ha Volsss 'Haliooan Ceanoncalba _ Nal D,-Mglb,
Ha-allgsizA  CallK- MK vors FOMTS | ALGT-PALG
EAR TS iy
detourlines:  pumping  suction
Otosimolated dynamic atmosphere: 1D RADYN 3D Bifost  Bifostino synihesis
Pon-E Ho o exinction
o e soeoe conral ALMA " ronE chamasphere?
IRIS disgnostics:  ovorview  dagnosiics




154

157

160

INTERNETWORK H,, GRAINS

ACOUSTIC SHOCKS

« Call Ky, grains (Rutten 8 Utenbroak 199150Ph. 134..157)
- extondod and confused iteraturo (600 roerences)

- most ikely non-magnetc phenomencn

- mostikely acoustc shocks

- wave inerforence reminiscent of clapots’

« observation (Lits, Rutten & Kakofen 1993A0...414.345L)
- sawtoo lne-center shif
- viangular whiskers
- Hy grans
« simulation (Carisson & Stein 1997Ap...481..500C)
- 10 radition hydrodynamics
- subsurtace piston derived fom Fe! Doppler
- emulation of observer's dagnosiics

- source functon broakdown

- dynamical chromosphere

155

CLAPOTISPHERE
Rutten 1995s0ho...1151A “The internetwork chromosphere is inhoronty a capotisphoro”

“The extensive ferature on the Call K.y grains and related celrnteror phenomena leads,
us fo h

that are present al over the solar surtace but which produce grains only at places and

rains of the down. whatis
called “clapotis” aroas on
the ocoan (Dow 1981)

Rutten & Utenbrook 199150P%. 134,157

their
steeper than traveling waves. This phenomenon is called “ciapotis”. Of the
T o T e e s wie e s s e claputs s
The pinnacing waves formed here have so much vertical power tht they
an throw a laden kayak dlear out ofthe water

'Dowd 1981 (ot on ADS)

SHOCK-RIDDEN COOL LOWER CHROMOSPHERE

95AN. 440L.25C

Temperature [10° K]

)

L eon T,
1, rong

—  Semi-empiica
Fax

s 10 o5 oo
weight (um]

« mean T (thick sol) remains close o RE starting model (dofted)
« bandwidth o T fluctuations (i ol borders) very largo above 1000 km
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SOLAR SPECTRUM FORMATION: EXAMPLES
Robert J. Rutten

thin: cloud modeing  corona  chromosphere  Rydberg per ALMA?

thick:  UVinefip  VALSClemporature  VALSC spoctrum  Kuruez stars

Photospheric lines: inversions  bright poits  reversed granulatin  Nal D1 MGs
imb emission ines

continua from VALSC:  Avrtt models
VALl budge hycrogen  budget al
Hinesfrom ALC:  model
stong ines_ plotformats.
016302 Mgib,  NalD,
Lo Ha  Hi  Hol584  Hel10830 canonicalHa  NalD,-Mglb,
LyoHo  Ho-Callssi2A  CallK-Mgllk  versus FCHHTS  ALCT-FALC
FALC-FALP  ALCT-FALP

VorsisIOMHD  VALSC  continua

omtalspecum it deltn
pops. Sy

nydrogen
profio plot Mg14571

detourlines: pumpng  suction

Oslo-simulated dynamic stmosphere: 1D RADYN 3D Bifost  Birostine synihesis

here:  non-E H extnction
e Eae seor . comall | ALA™ o ehvomosphere?

IRIS disgnostics:  ovorview  dlagnostis

BIFROST

heriage
~ Nordlund & Stein 30 HD - granulation

- Carlsson & Stein 1D HD RADYN = Call H,, shocks
- Nordlund ot al. 20 MHD Stagger -+ MCs, nternotwork.

- Qo ol 201ABA S0 1540 Blu cesrgon

o i g ol epercen RO

- Martinez-Sykora ot al. 20:

A01..753.161M ambi

polar ik
Pt 2012A8A 554185 30 st oater hn andard 10 models

~ Loenaarts 2018arkv1a006555L tracer particies = Lagrangian flow lines.

« warnings

=¥ Ly T 1. boein om o s st o ot aens

fod (MULTI3D of Loonaarls & Carisson 2009ASPC. 415. 671)
P)

- non-E RT may be needed beyond snapshot-wise SE (espacialy H, He)
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BIFROST ANALYSES 1
Hayok ot al. 2010484 517A.43H solar-type stars
2011Ap1..732..84 EUV.
Loenaarts ot al. 2012A..749.136L 3D Ha formation
Stopan ot al. 201247561435 Lya Hanlo
dola Cruz Rodriguez et al. 2012A8A 5434 34D Ca 8542 invrsion tost
Ollr otal. 201349J..767..430 non-E in O ratios
Martinez:Sykora et al. 20134, 771,663 Call and Ha from a spicuie-ll
Loenaarts et al. 20134...772..65L Mgl hak for IRIS |
Loenaarts et al. 2013A..772..90L Mgl h&K for IRIS I
Peroa el 21200 77,14 Mg &K o RS
2014700, 780 2A
Ollr otal. 201540180250 optcally thin emission fnes
Loenaarts ot al. 20154, 802.136L Ha fois versus field
Stepén ot al. 20154...803. 655 scattring polarization Lya
Percira ol a. 201540...806...147 Mgl vigetformaton
Carlsson et al. 2015404, 809130 Mgl kfrom plage
Hanstoen et al. 20154 811,106+ heating from footpoint brading
Rathore ot al. 2015400..611..81R IRIS Cll ormation
‘Guorroir et al. 20154, 813..61G quiet-Sun heating ovents
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SHOCK GRAIN DIAGNOSIS

BIFROST SOLAR-ANALOG STAR

« Bifost: a Modular Python/C Framework for Development of High-Trroughout
Data Analysis Pipelnes 2017A4S. 22923605C.

« Vertical rustal motion observed n the BIFROST project 2003/Geo. 35,4255

« BIFROST project: 3D crustal dolormation rates derived from GPS confirm post-
‘glacial rebound in Fenvoscandia

« "SPACE"2013.2015: ASGARD Balloon and BIFROST Parablc Fighs: Latest Do-

2015ESASP730.635D
« BIFROST: conlerence hoteiniceland  (noton ADS)

stant wihthe

- oranes nd mergaos
solar

~ romiagnoed nemal gy aves

~ clapotispheric infornetwork s

Z aopole howork conconsatons.

~ Ellorman roconnacton bursts
butlacking: spicules-, long flris, 1 peak separaton, Si1Vin UV bursts, more?
« Biost analogs in chvomosphere-formation stage: COSBOLD MURaM  Mancha

BIFROST ANALYSES 2

2 Sykora et al. 2016401, 817. 46M nonE SIIVIOIV ratios
Golding et al. 2016ApJ. 517.1256 non-€ He lonzation
Nbroga-Siverio ot al. 2016400, 522..18N 2D (Ha) surges.
Kato ot al. 2016 827...7K waves from magnetic pumping
Gola Cruz Rodriguoz ot al. 2016ApJ. 530L.300 Mgl &K + Mgl tipletinversions:
2016800, 8911585 RIS
Loenaars ot al. 2016A8. 5544 104L spalalsirucure in Hel 10830
‘Schmit & De Pontieu 20168311585 TR emission from internetwork
2016800 831L.1M
Fleischman et al. 20174839, 30F try NLFFF on Birost snapshot
Goding ot al. 2017A8A. 59741026 H resonance lnes
2017A8A..603A. 83K
Guerreio et al. 2017484 6034 103G smallscale heating evenis
201750..356.1269M
Hansteen et al. 2017An]. 839, 22 generation of bombs and nanoimicro-fares.
Nobroga-Siverio ot al. 2017ApJ. 850. 153N 2D non-E SilV surges
Rouppe van der Voort et al. 20174851167 plasmoids in UV-burst reconnection
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BIFROST ANALYSES 3

Bjorgen etal. 2018A8A. 6114628 Call H&K insufficent peak separation
Liu et al. 20184Xv180402931L automatic swir detection
Nobrega:Siverio et al. 2018ApJ. £58...8N 20 non € SIIV, OVsurges
Martnoz-Sykora et al 2018arkiv180506475M ion-neutral 2D: spiculs-||
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RECENT DEVELOPMENTS IN PRD LINE SYNTHESIS

« RH code: Utenbroak 2001Ap.. 557,369
- Rybicky & Hummer: ot A(S) but ¥ teration; procondtioning
- overlappping nes
- 10,20, 30, spherical versions.
« H 1.5D: Poreira & Uttenbrook 2015A8A. 574A..3P
- 1.5D = column-by-column
- massively paralie!
- also molecular ines (but Kurucz fines in LTE)
« anglo-dependent rdistibution: Leenaarts et al. 2012A8A. 5434 109
- 9o0d summary PRO theory and equations.
- non-statonary atmosphere requires w..wa.m PRD.
ybrid approximation:  transiorm to gas. parcel frame, assume anglo-
™ averag0q PR ane Gopendent o doap oop), Kansor back
« towards Bifost PRD: Sukhorukov & Leenaarls 2017A8A..597A.465

- 252.252.<496 grid, 1024 CPUs: 2 ays for Mgl k = doable
« next: 3D PRD with multirid (Bjorgen & Leenaarts 2017A8A. 5994.1168)

DETAILED BALANCING

Hycrogen_ionizatonirecombination_rolxation

mesca houghout hs Soa e Shockod

Gy amosphere. The tmescalo for sating to

/ ‘oquibium at th locl temperatur s very long.
o oro

shortr, oy soconds, i shocks in which hyo-

fsson & Stein 2002Ap...572.626C

v
Ry~ e,
R = mlla

cumats

200 5 = 7, o heating/cooling

“
i

) smort - e

Einstoin rolaton
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NON-E HYDROGEN IONIZATION IN 2D MHD SHOCKS.

Loenaarts etal. 2007484 .473.625L

=)
i
.l'«\ -ll-\ N
oy —
e
oL
. omhin 7 »
. hange
. e

+ 1o Lyman RT: green arches artfacts, no lteral . boost rom Lya scattering

e il

300), , non-HE, forH
* Loonaat, risson & Aouppe van do Voot 2012An) 740, 1361

+ ALCT =LY 1D i, o . HE+ micsutaience,SEpoplaons
Avret & Loeser 2008Ap.5.175.2

+ FOHIES - UV i 10 st o HE » imposed cslraton, S popatons
to, Hardor & Tian 200940707, 462F

The 7 and J,(Ha) behavior seems arguably simiar. However, the conceptual diferences

are enormous (cl. Newtonian gravitation versus gonoral relativiy). The (i) stratfications.

170

Retanae

o 03 T

5 L™

3 o 3 oo |

inle_weidd  iTle wseld
- -

5 iing i AL inatases,

« more complex non-E formation than H1: _not only Hol 584 acting as Ly but oniza:

« se0 Biffost Ho papers and more to come
for Lockyer: explan Ho| D, in flash spectrum

« todofor 2018 = 150 yoars
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NON-EQUILIBRIUM HYDROGEN IONIZATION IN 1D SHOCKS
Cartsson & Stein 200240 572.626C

o o9~ 4oV aka: NLTE-SE oiaton oop
sholon punping Baknetconeuu,
Scataing o oo o
dlos

~5300K,
\l/ ~ closure by photon losses in 1. Py
atom bottom actually up fo 10@V: non-E Ly

~ remendous scattering from small
- remendous opacity from huge H abundance

- smal siructures already detaied raditive balance
nonE: fast seting at high T, siow atiow T

« RADYN codo: 1DY1) hydrodynamics, ie-dopendont, NLTE radiaton, simple PRO

1000km

2. Wihin shocks = J saturates 10
1

« Lya scatters n radiative balance and contros 1

0"

« lonizat 2
oo 3 4 i ot et oo, i b by 07 Pt 1
n cool gas, the lattr adding to much largor retarded b

. \d LTE predicions

Ha IN BIFROST

1D plane-paralol SE: Rutten & Uenbrosk 201248, 540A. 567

-

3D non & MHD: Loenaarts ot al. 20124 749, 136L

3D scattring across the opaciy gap enhances fibrl visiity

« caveais: Bifost snapshot,no non-E R, lacking spicules-I, ong fiors

HYDROGEN AUREOLE BOOSTING IN COOL GAS BESIDE HOT GAS
Fonton o i 20094707, 462F Ruen Utentvook 2012ASA..540A. 56 Ruften 2016ASA. 5904, 124A

.
" e ]
BT o
2 Dl
a
e
]
romre
Ly satong bkt s 5. . 40 W st <1y~ . .
o 1
oo sy

Ly by batween b, and ... -msmnw Ha photon losses.
Ha: the FCHHTS chr a back-scatering atienuator Just as i the ALC7
amosphore. The b, paak fom Lye. iadiaon Goes nt aflct Ho Bocause oven

A ot featuro embedded in cooler gas has a simiar Ly scaltering auredle on-
hancing H ionization and Har extinclion around it A temporary hot disturbance
leaves such spread-out boost behind (a wake when moving)




Ha EXTINCTION RECIPE

'SAHA-BOLTZMANN FOR CHROMOSPHERIC LINES

Rulten 2016484, 590A 1248
.- « rotarded Lya balancing: extinction memory of hot moments Bachelo sxarcse “Cocil Payns": compute X, and <™ for Gen N e
S - ™ inhot shocks from fast Ly balancing and incroased

w ~ 1y Gacays sow, racking i shock vaues -

=%~ gigantc b, in post.shock cooling louds untl nex shack

CORONAL EQUILIBRIUM VERSUS SAHA-BOLTZMANN IONIZATION
+ Rouppe van der Voort 2017A8A..597A 138R

‘ ot voaos
cE

- up: colisional excitationonization
- down: radative deexciationecombinaion
- NB: dilectroni recombination

.s8
-~
- down: colisional deexciationrecombination

o “Schadeenium’
(1936-1999), who invented i fo eaching in the 19705."
.« Lya scatiering: aureole boosting

' - Lya scattering dofines 5, ~ J,, with radativ balance
1"~ hotleatures in cool gas have Ly scatiering aureoles
= = Hitop (1 > 2 including 1. boosted in aureoles

o No= 10" (other densitios)

« Ha extinction rocipe. Y - $B: . affcts onizaton, not excitation

- CE: , affects excitation, notonization
[Wl'« "'— - smallr .- SB poaks stoepen and shifef
il . Pryawgen
= (log scales)
il compatve s 10-5 crers
« Mglll GV, SIV, SIXIl, FoXVI, FoXxV.
- wido hump from closed shell (alom corigs)

¥ 1 73 i 1 7 4 ! . V - o it o i

ELLERMAN BURSTS OVERVIEW ELLERMAN BOMB VISIBILITIES
Rulten 2016A8A. 5904.1248

- use this extinction value in coclr gas around it and afterwards

RO
(L]

og (extinciion) (o)
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- ELLERMAN BOMBS PER LTE
Rutten 2016A84..590A 1248

 Mount Wison: soar hydrogen bombs
Ellorman 1917An....46.298E  ADS ciaton hisory (100-1007)

~ sudden brghtenings in Ha wings
~ notin e core, only in Balmer and Call nes pre—
~ between spots in complex emerging active rogions ~ Ellerman bomb: Ha moustaches below core fbls  [example] [movie]

« DOT: psoudo Ellerman bombs 150 bright but different in Call 8542 {sxample]
ity oty SRR Bleats st mbki e oG LY :
Rutten ﬂu::i/;:lclfll:::?:ﬂm ot = not in optical continuum nor Fel, Nal D, MgIb lines  [example] G
T Y Mmm‘ e coisona damp iso brightin IRIS C 1l and SiIV lines [example] = @dmordinery memory for hot past
" H B b 4 ot . - hot FAF-like aftermaths with cool blends [example] [EBs vs FAFs] « ultraviolet Balmer continuuum
- Ha bloe-ving BPs betierthan Gbend BFs - - same hotgas opaciy and memary as Ho
< S B Kot — o s oo Sk e
Sormedommbones e e s s i -
- photospheric jets in rapid succession along network = .
2 Moot e et oo o e v b o
- 1o rong i = 3 large X. - Nal D and Mg b absent at
et S o S sty ot v oo 0 E
o b s - :
1751.. .| 176 1771 ‘
'STRAWS / SPICULES-Il / RBEs / RREs LONG FIBRILS AS CONTRAILS 'SAHA-BOLTZMANN HYDROGEN EXTINCTION AT ALMA WAVELENGTHS
- R e e e R s e e
- “staws", DOT Call H i Nei0)] [ Neior] fiiaomm | Nesio
e b E
B ety
N 70
- o et ST -
e e i /
BE oot esing v Hiod Ho + 500 ELV /i
ey A u
sty O g 3
BRI 3
e vl = = e e

o
Hlﬂl ok ot sl 201340 725,445 oHa o roerire 10 roerare 19 roenoe 19
T« simulation: Martinez Sykora ot al. 20114 736...9M » Yiabia In [FUS 1400A (SIV); AIA 304, 171, 183, ot 1 Gl 8542 = et o« UEetincion: Lya Ha Hiconinua H flconinum 8542  otherines
- feature caled a spicule-I but questonable: . =  Haathigh : LTE extincion from 57" enforced by eniosed Ly
= noothers in simulations so far « Hionization: 1 = 2 populaion fxed by (actually non-E) Lya;_hydrogen 1op has add-
& ~ driver unknown (Pereira e al. 2012An.. 759..16) « large non-E Ha opaciy in caoling post-hot-disturbance gas tonal NLTESE balancing between Baimer continum and Balmer ines
E . T, = 5250K:
. « fbril ~ conirai: not representing coolpresent but much hotte precursor past o
- quietsun (aiso unipolar) coronal heating
uateue sk ungot) . o af ~ NN, T3 (RTSA Eq. 2.79) gives stoep Hfincrease between ALMA bands

178 e | 179 .| 180l : :




PREDICTIONS FOR SOLAR ALMA SOLAR RYDBERG LINES WITH ALMA? NON-EQUILIBRIUM CHROMOSPHERE
cromosphere potpourr

« Ha chromosphere = past dofined by Lyn

Rutten 20171AUS.327...1R

2017A8A..5964. 89R

- Callinstantanaous = short s
~ Hel D, ~ Hell304 = post-hot iradiated cooling gas?

« tnoar thormometor
~ H- foorioo + Wi oo too: 5 = 1 - ong ek = pos-hot cocg couds
1. ALMA sun mosty covered by long i unike imulted sus) - Wk eature: 7, = 7(r, 1) - ong i conrast = flrent histoies and Dopplrshits
- ong i withs — Lyo scater
2. simiar 1 Ho, good dark-dark carospondence, more opaque atlongar ALMA wave- - i featur: cloud contiuton AT, =T om0 ok = L Mo 1205 isaeel
longths, e ateralconrat (10 Dopplershits) + Call H& K chvomosphore = prosont defined by tomperatre
3. tompersires: sbove 10000K i heatng events propagating outvard fom achy, s . i s hrizontaly launched hating everts
- in m range Mol srongar than
el B i ki - i weths = heating even widths  scatoring halo
“ 11 10, Sk abeassod 2 s - @ conesponding IRIS Si1V, AIA EUV, ALMA mim features?
. i o, darker aureles vanishing abov 15000K (L scaterng) = :
. catoing T — s o p st
B - candate: 1300 n Band 6 (13mm) e e
N - Ly short s and comet heads = il racks
e Wi 4000K N - @ Ly, ALMA hosting-evet imaging sectrscoy?
.o Eterman bombs tidenby fors)
: - on diskas 71, 1) omission i stoop T(-) radent « Ho vorsus Calls42A vorsus Hol D, vasus Hollod = idom

- atmb as -7 extension

cftimb siculs-| moro apacue than i Ho and Call H ~ Zoomanin 1 and Stokes: super.sensivechvomaspherc magnelometer?
1 8 1 12 coronaain much more opacue thanin W 1 82 1 8 3 - @ tme dlaymago cosiatons

IRIS DIAGNOSTICS 'SOLAR SPECTRUM FORMATION: EXAMPLES

IRIS DIAGNOSTICS OVERVIEW
& . o RobertJ. Rutten
\ « Mglingk e
N = Loenaarts etal. 2013ApJ..772..85L Mhin: cloud modeling  corona chromosphere  Rydberg per ALMA?
I - Loonaarts otal. 20134p4..772..90L thick:  UViine fip  VALAC temperature  VALSC spectrum  Kurucz stars
- Poreira etal. 2013ApJ..778..143 osphericlines: inversions  brightpoits  reversed granulation  NalD1 MGs

ot .
- Carsson et al. 20154 809L.30C timb omision s

« SiIV 1400 A lines: continua from VALSC:  Avietimodels  versuisSDMHD  VALIC  contiua
VAU budget hydrogen  budget all

- peak ato 2 featre (ot ines") optically thin « otherines
- ifso: aithul Doppler mapping (0..,EB bimodal jets) - Mol iplt Poroira ot al. 2018Aps.806..14P : model ydeogen
- gas tomperature: 90K for CE, 20KK or SB (ALMA at rato = 17) - Gl doubiet Rathor ot al. 2015An).811..60R songlnes _plotformals  pops plot_ BSJplol _profloplot  Nigl4s71
Fol62  Mgib,  NalD,  Balldssé  CallesiZA  CallK  Mgilk
« Mglih&kines - Gl doutiet Rathoro ot a. 2018Ans.811..61R Lyo  Ha M3 HolSes  Holl08%  canoncalHa  NalD,-Molb
- enormous S8 opacty _ ot R LyaHa  HoCallBsi2A  CallK-Mgllk  vorsus FCHHTB  ALCT-FALC
- strong PRD scattorers Ssieiidu Silaaitud FALC-FALP  ALCT-FALP
< 011356 A Linetal. 2015400812341
- 58 opacty samping classical chromosphare 9 t batom dctourtines: pumping  sucton
« Ml trpltines. Ouloimulaed dynamic atmosphere: 1D RADYN 30 Biost Bt Ing synasis
- bright suggosts steep doep lemperature ise non Ha Ho extincion
CEs8  EBs spuesh conval ALMA  nonE chiomosphera?

lagnostis:  ovorviow  dagnastcs

1 8 4 ipoctessomprasatiSipminghesehig : 1 85 . 1 86 s
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