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ABSTRACT

Context. The solar irradiance is known to change over time scales fronutes to decades, and it is suspected that its substantial
fluctuations are partially responsible for climate vadas in the past.

Aims. We are developing a solar atmosphere code which allows &gzt modeling of the entire solar spectrum composed atqui
Sun and active regions. This code is a tool for modeling tirpteral variability of the solar irradiance and understagdis influence

on Earth.

Methods. We exploit a further development of the radiative transfaitec COSI that now incorporates the calculation of molecular
lines. We validate COSI under the conditions of local theatymamic equilibrium (LTE) against the synthetic spectiawated with

the ATLAS code. The synthetic solar spectra are also cakdlm non-local thermodynamic equilibrium (NLTE) and caargd to

the available measured spectra. Doing so we define the matitepns of the modeling, e.g. the lack of opacity in the UV péithe
spectrum and the inconsistency in the calculations of thible continuum level, and we describe a solution to thesblpms.

Results. The improved version of COSI allows us to reach a good agreebetween the calculated and observed solar spectrum as
measured by SOLSTICE and SIM onboard the SORCE satellité&&8hAS 3 mission operated from the Space Shuttle. We find that
NLTE effects are very important for the modeling of the solar spectemen in the visual part of the spectrum and for its varigbili
over the entire solar spectrum. In addition to the strdfigpeon the UV part of the spectrum, NLTEects influence the concentration

of the negative ion of hydrogen which results in a significadrange of the visible continuum level and the irradiancéatsity.
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1. Introduction (cf. Kurucz 1991; Fontenla et al. 1999) and thereforféedént

o i ) emergent radiation. The SSl is calculated by weightingtee i
The solar radiation is the main source of the input of energijance from each model with the corresponding filling factor

to the terrestrial atmosphere and therefore, it deterntiiagths The calculation of the emergent solar radiation, even from
thermal balance and climate. Although it is known since 19%Rq aimosphere with known thermal structure, is a very sephi
that the solar irradiance is not constant but varies on scajgateq problem because consistent models have to account f
from several minutes to decades (cf. Frohlich 2005; Kv8v  the NLTE dfects in the solar atmosphere. As the importance
Solanki 2008), the influence of this variability to the cli@as ot these gects became clear over the last several decades, sev-
not yet fully understood. Nowadays several datasets fopd¢ gra| numerical codes were developed. One of the first NLTE-
spectral solar irradiance (SSI) based on thEedent reconstruc- cqqes | INEAR, was published by Auer et al. (1972) who used
tion approaches (e.g. Lean et al. 2005; Krivova et al. 2088) a5 complete linearization method developed by Auer & Mihalas
satellite measurements are available. However the rengpdtis- (1969, 1970). Later, the MULTI code published by Carlsson
agreements between these data leadfferdint atmospheric re- (19g6). This code is based on the linearization techniquelde
sponses when they are useql in the climate _models (Shapiro €bBed by Scharmer (1981) and Scharmer & Carlsson (1985a,b).
2009). The task of constructing a self-consistent physimadel  \1ore recently, the RH code, which is based on the MALI (Multi-
in order to reconstruct the past Solar Spectral Irradia&)( |eve| Approximate Lambda Iteration) formalism of Rybicki &
remains of high importance. Hummer (1991, 1992) was developed by Uitenbroek (2001).
Modern reconstructions of the SSI are based on the assump-Combining the radiative transfer code by (Hamann &
tion that the irradiance changes are determined by the evo8thmutz 1987; Schmutz et al. 1989) and SYNSPEC by Hubeny
tion of the solar surface magnetic field (Foukal & Lean 198831981), Haberreiter et al. (2008) developed the 1D sphierica
Krivova et al. 2003; Domingo et al. 2009). Areas of the solajymmetrical COde for Solar Irradiance (COSI). The NLTE epac
disk are associated to several components (e.g. quiet 8ght b ity distribution function (ODF) concept, which was implented
network, plage and sunspot) according to the measuredcsurfg, this code, allows to indirectly account for the NLTHezts in
magnetic field and the contrast of the features. These comggveral millions lines. This made COSI especially suitdbte
nents are represented by corresponding atmosphere s&siCtdalculating the overall energy distribution in the solaeapum.
In this paper we introduce a new version of COSI (COSI version
Send offprint requests to: A.l. Shapiro 2) describe the main modifications, and present first results
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In Sect. 2 we describe the datasets of the measured spectral CARBON OXYGEN
irradiance which were used for comparison with our cal@dat
spectrum. In Sect. 3 we introduce the integration of molrcul 1.0
lines into COSI and we show that it can solve the discrepancie

to observations and to other codes which has been describedd 0.9
Haberreiter et al. (2008). In Sect. 4 we present the reguim
lar spectrum from NLTE calculations. Due to missing opatity

the UV the flux appears to be significantly higher than meakure -,
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(Buséa et al. 2001; Short & Hauschildt 2009). We solve thebpr 0 200 400 600 800 1000
lem by introducing additional opacity to the ODF for selecte CN
spectral ranges (Sect. 4.2), while the problem of the NLT&= vi  10% ‘ ‘ ‘ ‘ 102

ible continuum due to the deviations in the concentratiothef

hydrogen negative ion is addressed in Sect. 4.3. In Sect. 5 w

elosfl.' 1100

present the synthetic spectra of the active regions anthjifi-i £ 1/ | 16V
cations to the solar variability study. Finally, we summaarthe =
main results in Sect. 6. 10t \ | 10
w0 ol
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We havg compare our calculated solar Sp.eCtrum W'th. S%Q.l.The ratioR of the number concentration of carbon and oxygen
eral available datasets. We use the observations takerthith hich are not attached to the molecules to their total eléragrount

Solar-Stellar Irradiance Comparison Experiment (SOLSH)IC (ypper panels) and the CN and CO concentrations as a funefion
(McClintock et al. 2005) up to 320 nm and the Solar Irradiangight (lower panels) for three atmospheric models: FALAGSshed
Monitor (SIM) (Harder et al. 2005) from 320 nm onward instrueurves), FALC99 (continuous curves), and FALP99 (dotted/es).
ments onboard the SORCE satellite (Rottman 2005) obtainBuk zero-height depth point in all models is defined as theusaalt
during the 23th solar cycle minimum (hereafter SORCE mewhich the continuum optical depth at 50004 is equal to one.
surements). For the comparisons shown in this paper we ase th

average of the observations from 21 April 2008 to 28 April200 f lecular i ken i hi .
Our calculated spectrum was converted with 1 nm box-c f COSI molecular lines are taken into account. This reuire
rofile for comparison with the SOLSTICE measurements a computation of molecular concentrations, preparaifahe
P P lecular line lists, and incorporation of molecular opiasiand

trapezoidal profile for comparison with the SIM measuremment_ .~ "~ .

The SIM resolution strongly depends on wavelength (it isuiiboemISSIVItIes into the code.
1.5 nm for the 310 nm and about 22 nm for the 800 nm) so the

parameters of this trapezoidal profile are also wavelengped- 3.1. Chemical equilibrium
dent and were provided by by Harder (2009). . . . _—

We also used the SOLar SPECtral Irradiance Measuremedider the assumption of the instantaneous chemical equiitb

(SOLSPEC) (Thuillier et al. 2004) during the ATLAS 3 missioriN€ concentration of molecule AB is connected with the cance
in November 1994. For this comparison we convolved the cz%@t'ons of consisting atoms A and B by the Guldberg-Waage la

culated spectrum with a Gaussian with FWHM.6 nm. cf. Tatum 1966):

2~ Kao(T) =(
NaB

3/2
erka) QaQs KT exp Do/KT), (1)

3. Molecules in the COSI code h2 Qas

COSI simultaneously solves the equations of statisticallieg WhereKag is the temperature dependent equilibrium constant, Q
rium and radiative transfer in 1D spherical geometry. Aksp IS internal partition function for the atoms A and B, and noole

tral lines in COSI can be divided into two groups. The firstgro AB, mis the reduced molecular mass, dbglis the dissociation
comprises about one thousand lines that are most promimen@f€rgy. The contribution to the opacity from the transtide-

the solar spectrum. These lines are explicitly treated ifBL tween lower level and upper levej of molecule AB is given
The second group contains several millions background;lin'éy:

provided by Kurucz (2006) and calculated under the assampti i Nag Gi €xp (Ei/KT) hy
that their upper and lower levels are populated in LTE redati kx5 (V) = y
to the explicit NLTE levels. These background lines are make Qas T
into account in the spectral synthesis part of the code Isat alvhere g; is statistical weight of the lower level, B's are the
affect NLTE calculations via the ODF. The ODF is iterativel\Einstein cofficients andp(v) is the line profile normalized to
recalculated until it becomes self-consistent with popoites of one.

(ni Bij; - niji)¢(V - Vij)’ )

the NLTE levels (Haberreiter 2006; Haberreiter et al. 2008)s There are several available temperature polynomial approx
allows us to indirectly account for the NLTHfects in the back- mations for the atomic and molecular partition functionsvad
ground lines. as for the equilibrium constant§ag (cf. Tatum 1966; Tsuiji

In the previous version of COSI (Haberreiter et al. 2008)973; Irwin 1981; Sauval & Tatum 1984; Rossi et al. 1985).
molecular lines were not included. However, molecular dinéAlthough molecular partition functions can contain sigrafit
play an important role in the formation of the solar spectriim errors due to the inaccurate values of the energy levelsermd e
some spectral regions they are even the dominant opacitgesoudue to unknown electronic states (Irwin 1981), this doesafiot
Therefore, a considerable amount of opacity was missings Tlect significantly the accuracy of molecular opacity cadtians.
leaded to a discrepancy with observations. In the presesiore This insensitivity is due to the fact that the overall molecu
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concentration is proportional to the partition functioed€q. 1), 5— 2.5
while the opacity in a given line is inversely proportionalit &
(see Eq. 2). Therefore it is crucial to either calculate Boui & 2.0
rium constants directly form partition functions or use agne &
source for both approximations. =< 15
Tsuji (1973) shows that abundances of hydrogen, carbon, r'g'
trogen, and oxygen can be determined quite accuratelyignoo 1.0
ing their dependence on other elements. As we are interest
only in molecular bands which can significantly contribute t5 (Q.5F
the opacity over a broad spectral range, the system of emsati & .
like Eq. (1) were solved only for these four main elements anéF 0.0t ‘ ‘ ‘

gether with CN and CO concentrations for three atmosphericg
models by Fontenla et al. (1999): the relatively cold superg _=
ular cell center model FALA (hereafter FALA99), the averdge\g 1.04
quiet Sun model FALC (hereafter FALC99) and the relatively°
warm bright network model FALP (hereafter FALP99). Both 0.5
molecular concentrations and deviations in atomic comaénh

show strong temperature sensitivities which is importanef- 0.0

sessing of the solar spectral variability. 350 400 450 500
Wavelength [nm]

the diatomic molecules built from them. 350 400 450 500
As a significant fraction of atoms can be associated with

molecules the chemical equilibrium calculation als$teets the 2.0r ]

atomic lines. In Fig. 1 we present the changes in the carbdn an r b

oxygen concentrations due to the association with moledole 1.5- ]

3.2. Main molecular bands in the solar spectrum

Fig. 2. LTE calculation of molecular lines with COSI. Upper panel:
The line list for the spectrum synthesis was compiled udieg tSynthetic solar spectrum calculated with (solid line) andheut
molecular databases of Kurucz (1993) and the SRPM databddashed line) molecular lines. Lower panel: Correspondatigs to the
which is based on Gray & Corbally (1994), and HITRANiIrradiance calculated by the ATLAS12 code. All spectra areraged
Wavelengths and line strengths of the most significant lafes With a 1-nm boxcar.
the CN violet system and CH G band were calculated based on
the molecular constants by Krupp (1974), Knowles et al. §98 2.5 T |
and Wallace et al. (1999). o ]

In Fig. 2 we present the part of the solar spectrum Wheré 2.0t
the LTE calculations with the previous version of COSI, whic® i J 4
did not account for molecular lines, showed significant devi 150 \ B
ations from the calculations with the LTE radiative tramsfes "~ 1
code ATLAS12 carried out by Kurucz (2005). Both calculation g r Py 1
used the same atmosphere structure and abundances by Kur@:z 1.0 o 7
(1991) (hereafter K91). One can see that introducing themol © r bl T 1
ular lines into COSI quite stronglyfcts the spectrum and sig- © 0.50
nificantly diminishes disagreements with the ATLAS 12 codez= ™"t
The most prominent features are the CH G band around 430 nrm, 0.0f
CN violet G band around 380 nm, CN, NH, and OH bands be- ) ‘
tween 300 and 350 nm. The remainingfeliences can be possi- 200 300 400 500 600
bly attributed to the dferent photoionization cross sections im- Wavelength [nm]
plemented in COSI and ATLAS12.

In Fig. 3 we compare the spectra calculated by both codeig. 3. The irradiance calculated by COSI in LTE (thin solid linepan
with the SORCE measurements. One can see that both cotieATLAS 12 (dashed line), using K91 atmosphere structodesdun-
predict the correct value of the continuum in the red parhef t dances. The spectrum observed by SORCE is given by the thlick s
visible spectrum (600 nm) but fail to reproduce the moleculdne. All spectra are convolved with the instrument profiteS®@RCE.
bands and UV part of the spectrum. The LTE spectra calculated
with the FALC99 and two sets of abundances by Grevesse &

Anders (1991) (hereafter G91) and by Asplund et al. (200&) a significantly lower electron density and consequertig t
(hereafter AO5) are presented in Fig. 4. The calculatiorth wilower concentration of negative hydrogen ion. The lattehes

the G91 abundances predict the correct value of the visiide anain source of the continuum opacity in the solar atmosphere
IR continuum. Furthermore, they give quite a good fit of meledcf. Mihalas 1978, p. 102). Therefore the application of A&

ular bands (see right panel of the picture where the caiomlat abundances results in a lower continuum opacity for théhasi

of CN violet system and CN G band are shown in more detai§nd IR wavelengths and as a consequence in a higher irradianc
However the calculated irradiance in the UV part is againimud his dfect is especially prominent at longer wavelengths (from
higher than observed for both abundance sets. about 400 nm) where the number of strong lines is relativay |

The metal abundances by A05 are significantly lower (up smd the opacity of negative hydrogen dominates over allrothe
about 2 times) than in G91. The lower metal abundance leatsirces of opacity. In turn, the lower metal abundance den

a
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AO05 leads to lower line opacities and photoionization op@gi photoionization thresholds. Overall the introductiontod ODF
in the UV. Followingly, the AO5 abundances also lead to a ighcauses the redistribution of the solar irradiance over titgee

irradiance in the UV than the G91 abundances. spectrum as it decreases the far-UV part and increased héar-
and visible.
Although the concept of the ODF allows to improve the
4. NLTE calculations agreement between calculations and observations, the ODF

based on the Kurucz linelist (Haberreiter et al. 2008) can no
solve the discrepancy from measurements.

Most of the solar radiation emerges from regions of the atmo- The most probable source of the problem is inaccuracy of
sphere with a steep temperature gradient. Therefore afisigrfhe atomic and molecular line list and possible missing icent
cant part of the escaping photons is not in the thermodynarbiém opacity. The production of a complete line list is an ex-
equilibrium with the surrounding medium. This implies ttaat tremely laborious task. Considerable progress was reatived
self-consistent radiative transfer model has to accourlf(FE  ing last decades thanks to th&aet of the OPACITY project
effects. It is well-known that thesefects are of extreme impor- (Seaton 2005) in calculating atomic data and in particufar o
tance for the strong lines and the UV radiation. In this seoive  Kurucz (1993). Concerning the problem of the UV blanketing
present NLTE calculations of the solar spectrum with COSl adt is important to keep in mind that about 99%(!) of the atomic
show that the NLTE fects are also important for the overall enand molecular lines are predicted only theoretically arlgt b8
ergy distribution in the solar spectrum, including thebisiand Of all lines are observed in the laboratory (Kurucz 2005)sTh
infrared wavelength ranges. leads to potential errors in the total opacity as lines catilt

In the left panel of Fig. 5 the NLTE calculations of the solaP€ missing as well as wavelengths and oscillator strengtifieo
spectrum with the atmosphere structure FALC99 and the abdedicted lines could be inaccurate. An incompletenestief t
dance sets A05 and G91 are compared to the observed saf@mic data is especially significant in the UV where the im-
spectrum. The right panel of Fig. 5 shows the ratios of the LTMense number of lines form the UV line haze. _
to the LTE calculations. The most prominent overall NLTE ef- The consistent account for the line blanketiriget is very
fects are the strong increase of the irradiance in the UV &t mimportant for the overall absolute flux distribution, esipéy for
decrease of the irradiance in the red part of the spectrum. TtHe UV (cf. Collet et al. 2005; Avrett & Loeser 2008; Fontenla

first effect is discussed in details in Sect. 4.2, while the latter #f al. 2009). Busa et al. (2001) used version 2.2 of the MULTI
Sect. 4.3. code, which UV opacity were contributed only from severathu

dred calculated in the NLTE lines, bound-free and free-free
cesses. They showed that NLTE calculations without proper a
4.2. Calculation of the UV radiation count for the line blanketingect can lead to the overestimation
. of the UV flux by six orders of magnitude in the case of cold
4.2.1. NLTE opacity effects metal-rich stars. In order to compensate this, they migtithe
Independent of the solar atmosphere model and abundaheesgontinuum opacity by a wavelength-dependent factor ané gav
LTE calculations overestimate the UV irradiance up to aB@@t explicit expression for the factor parameterization. Timeilar
nm (see Figs. 3 and 4). This problem is even more severe in @fgproach was used by Bruls (1993) to calculate the NLTE pop-
NLTE calculations as they predict a UV irradiance that iseig ulations of Ni I. Short & Hauschildt (2009) showed that the us
than in the case of the LTE calculations (see left panel of Bjig of difterent line lists for the line blanketing calculations ceade
The dfect of the increase of the far UV flux in the NLTE cal+o a significantly dferent spectral irradiance distributions. They
culations is actually well-known (cf. Short & Hauschildt@). also showed that the problem of the excess of the UV flux in the
The UV radiation incident from the higher and hotter partthef 300-420 nm spectral region can be solved by increasing of the
solar atmosphere onto the photosphere causes a strongar-iorgontinuum absorption c@écient.
tion of iron and other metals relative to the LTE case. This de
creases the populations of the neutral atoms and consdyqueE
weakens the strength of the corresponding line and phatzien
tion cross section, which are the main sources of the opacityCOSI takes into account the opacity from the several million
the far-UV. Therefore it leads to a decrease of the opacity alines in the UV (Haberreiter et al. 2008). However the signif
consequently an increase of the flux in the wavelengths upitant disagreement between the calculated and measurad sol
about 250 nm (red threshold of the photoionization from thee MUV flux as discussed above indicates that the computatidhs st
| 2 level). In the longer wavelengths the line and the phateiomiss an essential part of the opacity. In order to compensate
ization opacities of the ionized metals become more importaor this missing opacity Haberreiter et al. (2008) calcedbathe
so the increase of their populations results in lower imade. UV part of the solar spectrum with artificially increased Pty
The dfect of the increased UV flux in the NLTE calcula-broadening. This approach proves itself successful. Hewiv
tions can be decreased significantly by the use of the opadagnnot be used to fit high-resolution spectra. Therefore, e
distribution function (see Fig. 6), which allows to incorpte have extendet the approach by Busa et al. (2001) and Short &
the opacity from the background lines into the solution afist Hauschildt (2009) and included additional opacity in oufEL
tical equilibrium equations (Haberreiter et al. 2008).9Tback- ODF scheme, as described below.
ground opacity diminishes the amount of the penetrating UV COSI overestimates the irradiance i.e. shows an opacity de-
radiation and decreases the degree of metal ionizatioeattd ficiency in the spectral region between 160 nm and 320 nm.
to the relative decrease of the spectral irradiance up ton®50 At shorter wavelengths the opacity is dominated by contimuu
and an increase at higher wavelengths (in agreement with gtetoionization, while at longer wavelengths tabulateatrat
above discussion). The complicated wavelength depend#ncend molecular lines are fficient to reproduce the observa-
the spectrum alterations caused by the influence of the OBF ¢@mns. In this wavelength region we grouped the solar spec-
be explained by the large number of the strong metal lines aimdm into 1 nm intervals (corresponding to the resolutiothef

4.1. Introduction

L, 2. Additional opacities in COSI
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Fig. 4. Spectra calculated by COSI in LTE using the FALC99 atmospBé&ucture and A05 and G91 abundances, vs. SORCE meastse/lén
spectra are convolved with the instrument profile of SORCE.
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Fig. 5. Left panel: as the left panel in Fig. 4 but calculated in NLRight panel: The ratio between NLTE and LTE emergent flux.
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Fig. 6. Left panel: NLTE calculations with and without iterated Q@Bmpared to the solar irradiance as observed by SORCEt pagkl: Ratio
between the emergent flux from NLTE calculated with and withterated ODF. All calculations are done with the FALC asiploere model and
G91 abundances.

SOLSTICHSORCE spectrum). For each interval we empiricallwere found iteratively. We stopped the iteration when thé-de
determined the cdicient f;(1) by which the continuum opacity ations to the observed spectrum was smaller than 10%. In the
has to be multiplied to reproduce the SOLSTICE measuremerasnsidered region there were very few wavelength pointsehe
As the correction of the ODFfiects the statistical equilibrium the irradiance was underestimated. We did not apply any cor-
of the populations we iteratively solve the statisticaliBrum  rection to these points. This underestimation can be axgdai
equations and the factorfg(1) using newly updated ODFs un-by the inaccuracy of the line list as it can be caused by a small
til we reached a self-consistent solution. Thus, () factors wavelength inaccuracy of a few strong lines.
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4.3.1. NLTE effects in electron and negative hydrogen
concentrations

The deviations in the electron and hydrogen negative ion&oen
trations are presented in Fig. 8 for the calculations with €89
atmosphere structure and A05 abundances. The upper panel il
lustrates the main electron sources in the solar atmosplrere

‘ ‘ ‘ the lower part of the photosphere and in the chromosphere hy-
200 250 300 drogen is ionized and provides most of the electrons. Howeve
in the photosphere, which is responsible for the formatiche
visible and near-IR irradiance, the temperature is too low f
ionizing hydrogen. Therefore, here the electrons are maird-

© ADS 1 vided by the metals with low ionization potential, such amir
Gl 7 silicon and magnesium.
E As one can see from the second upper panel of Fig. 8 the ion-
i 1 ization of silicon and iron are stronglyfacted by the NLTE ef-
}\M ¥ . 1 fects. This is basically the sam#&exct of NLTE “overionization”
‘ MA M os o sd which has already been discussed in Sect. 4.2, where the main
200 250 300 emphasis was on the deviations of the concentration of the ne

Wavelength [nm] tral atoms. Let us notice that applying of the ODF signifigant

Fig. 7. The factor f.(1) (upper panel) and the ratio of the additionadecreases the NLTEfects on the electron concentration as it
opacity to and total opacity at the height 200 km (lower pafwithe  strongly increases the UV opacity. From the last part of Big.
G91 and A05 abundances. where the contribution functions for the continuum radiatare
plotted for diferentu-positions, one can see that although the
continuum is mainly formed in the lower part of the photogghe
where the NLTE #ects in the electron concentration are not so
The wavelength dependence &f.) is shown in Fig. 7 for prominent, they still can be_lmportant especially for thdiation
the calculations with FALC99 atmosphere model and G91 afitted close to the solar limb. _
AO5 sets of abundances. One can see fk@) is very close to The photoionization cross sectlon of negatlv_e hydrqgen has
1 (WhICh means little additional Opacity) for Wave]engthsger its threshold at abOLzlt 16500 A and it reaches its maximum at
than 280 nm. There are also several prominent peaks which@Rout 8500 A (cf. Mihalas 1978, p. 102). Although the photo-
dicate strong lack of opacity at specific wavelengths. Aiiio SPhere is optically thick for the UV and radiation in the sigo
different abundances lead to a change of the peak amplitud¥@mic or molecular lines, the visible and IR photons cariyas
the overall profile of wavelength dependence stays the samegscape even from the lower part of the photosphere (theabptic
both sets of abundances, G91 and A05, respectively. The agpth of the zero point in the continuum radiation is abou, on
aged line opacity is larger by several order of magnitude tha depending on the wavelengths). This means that all overttbe p
continuum opacity. So the ratio of the additional opacitgich  tosphere there is a lack of photons which are able to phatmon
was needed to achieve agreement with the observed solar sje@ negative hydrogen. Thus, in the NLTE case, the radidtve
trum, to the total opacity which was already included intoSTO Struction rate of H is decreased, which in turn, increases the
is for most wavelength below 5 % (see lower panel of Fig. 7 §oncentration of the negative hydrogen ion compared to Tt L
Therefore, the correction of the overestimation of the eymer equilibrium. This is illustrated in the third panel of Fig. 8/e

UV flux can be achieved by a moderate modification of the inplgte that the gect is especially strong in the layers where the
line list. continuum radiation is formed (see the contribution fumasiin

2 lower panel of Fig. 8). Moreover, in contrast witffieets on

e electron concentration, the applying of the ODF does not
decrease the NLTE deviations of the negative hydrogen esnce
Strtat.ion as UV radiation does not have significant contritnutio

Let us also note that calculations with the G91 abundani
lead to a lower continuum than calculations with A05 aburl:
dances. Therefore the flux overestimation is stronger icése
of calculations with AO5 abundances. Consequently oneda: o

ItS ionizations.

use larger correction factofg(1) for AO5 abundances. . .
9 &) Compared to the LTE case, NLTE calculations result in

__The correction factor strongly depends on the chosen liggyher electron and negative hydrogen concentrationss Thi
list. We tested our calculations using the Vienna At(?m'_cel-'nincreases the continuum opacity so that continuum radiatio
Database (VALD) (Kupka et al. 1999, 2000) and retrieving thg,mes from higher and cooler layers of the photosphere.di ad
lines with known radiative damping parameter. As this daseb iion there is also a decrease of the NLTE continuum souree fu

contains a smaller number of lines then provided by Kuruggn which contributes to the decrease of the continuum emis
(2006) a larger factof(1) is necessary to achieve an agreemegjyn

with the observations The dfects described above significantly decrease the level

of the emergent flux in visible and near IR. Although the NLTE
treatment is physically more consistent than LTE, it leada t
severe deviation from the observed solar spectrum (se&)ig.

NLTE effects decrease the visible and near IR irradiance by
about 10 % (see Fig. 5). The reason is that NLTEeas in-
fluence the concentration of electrons and the negativeoigyair
ions which determines the continuum opacity as well as tine cddne possible cause for the inability of the NLTE calculasiom

tinuum source function. reproduce the measurements is the inadequate treatmeuit of ¢

4.3. Calculation of the visible and IR radiation

4.3.2. Collisions with negative hydrogen
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10% ‘ : molecular bands (especially CH G band) appear to be weaker
1014’ 77777 tlgg?rSHMg | than the observed ones. To make the molecular lines consis-
& N N | tent with observations we changed the A05 carbon and nitroge
g 1021 e abundances and used them as given by G91. This allows us to
o L S — 1 reach a very good agreement with measurements (see Séct. 4.4
< 100 Tt~ A Let us emphasize that an increase of the collisional rates fo
168 T H~ cannot help to adjust the NLTE calculations performed with
‘ ‘ ‘ ‘ ‘ ‘ G91 abundances. The reason is that the considered increase o
0.5 0 290 490 GQO 890 1000 collisions can only enforce a LTE population ratio betweeg-n
0.4- tot. ODF —— 1 ative hydrogen and H | 1 level. The latter is however in a NLTE
o o~ F tot. NODE regime mainly due to the NLTE “overionization”. As the cal-
£ 0.3- Si— — — ] culations with G91 abundances give a good agreementin a pure
= 02~ T— Fe - 1 LTE regime (see Fig. 4) the considered increase of the mikid

g 0.1 rates for H is not enough to enforce full LTE agreement. A
0.0k NLTE treatment of the solar atmosphere yields populatiannu
-0.1[ bers of negative hydrogen that strongly deviate from LTE.

Q ZQO 4QO 6QO 800 1QOO
1 4.3.3. Change of abundances

E The dfect of the use of dierent abundances on the emergent
E synthetic spectrum is illustrated in Fig. 9. One can seettieat
1 abundance change of elements like iron, magnesium and sili-
cium strongly &ects the UV radiation (mainly due to the pho-
toionization opacities) but also the visible and infrareetn-
uum because these elements are the main donors of the pho-
tospheric electrons. In contrast, a change of nitrogen ame o
gen abundances has nifezt on the continuum and onlyfacts
the spectrum via the molecular bands. The carbon abundance
slightly influences the continuum but the maifieet of carbon
in the visible spectral range is due to molecular systems: Th
CN violet system at about 380 nm and CH G band at about 430
2k T nm are the most prominent features. Thus, the carbon arwd nitr
0.00 0 sis e ‘ ‘ . gen abundance changes from the A05 to G91 values almost do
0 200 400 600 800 1000 not afect the_continuum level (see Fig. 9)_and lead to a good
Height [km] agreement with the measurements (see Fig. 10)_. Therefere, w
can conclude that A05 abundances should be given preference
Fig. 8. NLTE effects in electron and Hconcentrations. Upper panel:for the calculation of the NLTE continuum, except for carbon
Depth dependence of the total electron concentration ameéltéttron and nitrogen, for which the G91 abundances lead to a better re
concentrations resulting from the ionization of elemerstsralicated. production of the molecular bands. The favored combinatfon

Second panel: Ratios of the change of the electron condiemsadue  ahyndances leads to a good overall agreement with the @serv
to the NLTE dfects and total electron concentration calculated in LTFsoIar spectrum

Plotted are total change without and with applying ODF arsdilténg
from the ionization of particular elements change witho@FOThird
panel: depth dependence of the ratio of negative hydrogéml@ctron
concentration calculated in NLTE and LTE. Lower panel: Cibation
functions for the 5000 A (dotted lines) continuum radiataomd tem- |n F|g 10 we present the solar spectrum calculated with the
perature on depth dependence (solid curve) for the FALQ®88sphere Al C99 atmosphere model compared with the SORCE mea-
D e s s ot 20 81 e surements. The agreement n the 160-320 nm special regior
local solar radiug. From right to left;u = 0.05 (almost solar limb), 0.1, is automatically gpod (see .Sect. 4.2.2). At shorter ng\g;hfr]_
0.2,0.4,0.6,0.8,0.9, 1.0 (solar disk center). All caltiolzs are carried the_ observed flux IS deterr_nmed by several st_rong emissnes “.
out for the FALC99 atmosphere model and A05 abundances which are treated in LTE in the current version of COSI. This
leads to a strong underestimation of the irradiance. In aréut
version of COSI these lines will be treated in NLTE. Thedy
lisional rates for the negative hydrogen ion. The presersige line is already computed in NLTE and we obtain an overestima-
of COSI accounts for the electron detachment through amtigs  tion of its flux. In a forthcoming paper we will investigateiit
with electrons and neutral hydrogen as well as charge Heuttr@ore detail (Schoell et al. 2010).
ization with protons as given by Lambert & Pagel (1968). We The detailed comparison of our synthetic spectrum with
do not treat collisions of Hwith heavy elements, which in prin- SOLSPEC measurements is given in Figs. 13 and 14 in the
ciple could lead to a strong underestimation of the coltiaslo Online Material. One can see that starting from 160 nm two
rates. spectra are in remarkable agreement with each other. Adthou
We found that increasing the collisional rates involving Hseveral strong emission lines are currently not properlguea
by a factor of ten solves the disagreement between the mezhsuated in shorter wavelengths, the continuum level therdss a
and calculated continuum flux for the models using A05 abunensistent with SOLSPEC measurements. This can be achieved
dances. However, when using increased collisional rates, pbnly with NLTE calculations.

0 200 400 600 800 1000

‘O'I‘ ‘CD ~
T[10°K]

Contrib. func.

N

4.4. Comparison with measurements and discussion
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Fig. 9. Ratios of the emergent fluxes calculated with AO5 abundatwéise fluxes calculated with o the abundances of the indicatement
increased by a factor of two.

Thus the assumption of enhanced negative hydrogen cotlerdingly, lower total solar irradiance (TSI). Thiffect for the
sions and the use of the combined G91 and A05 abundangeget Sun irradiance was already discussed in Sect. 4.3.
set provide us with the possibility to successfully model ém- An further interesting detail is the decrease of the contras
tire solar spectrum. Another possible cause of the problean tpetween the quite Sun, plage and bright network in the NLTE
synthetic NLTE models have fiiiculty to fit the observed solar calculations. The main reason for this is that the NLTEets
spectrum is that the FALC99 atmosphere model was developgkiich decrease the continuum source function is stronggein
to fit the visible and IR continuum with the radiative transfenotter FALP model as it corresponds to the lower particlesitgn
code PANDORA (see Fontenla et al. 1999), who usedfam@int (and consequently lower collisional rates).
approximate approach for the treatment of the NLTiees, dif- Fig. 12 shows the flux dierences between the active com-
ferent sets of the atomic and molecular data as well dsrént ,,nonts of the solar atmosphere and the quiet Sun calcufated
sets of abundances. The Fontenla et al. (1999) atmosphece StETE with A05 abundances and NLTE with enhanced collisions

tures were successfully used in various applications @hzB \yith negative hydrogen and combined A05 and G91 abundances

et al. 2004a,b; Vitas & Vince 2005) in which however the CONyso o gect 4). The most prominent peak at about 3890 A cor-
tinuum flux was calculated in LTE. The quest of constructin

. . sponds to the CN violet system. Although théetiences in
a self-consistent atmosphere model which fully accountalfo the CH G band around 4300 A are also clearly visible, they are
NLTE effects will be addressed in a future investigation. : . y '€, they
less pronounced than in the CN violet system. This is mainly
due to the dierences in the CH and CN dissociation energies
(3.465 eV and 7.76 eV), so the CN concentration is more sen-
sitive to temperature variations (see Sect. 3.1). Furtbeznthe

It is generally accepted that most of the solar variabilityri- ~contrast between the active components and the quiet Sign is s

troduced by the competition between the solar flux decrease dificantly decreased in the NLTE calculations. As a consegee

to the dark sunspots and a flux increase due to the bright m#g NLTE calculations reduce the solar variability in thsilvie

netic network and plage (e.g. Willson & Hudson 1991; Krivovand IR, shifting it to the UV. As the corrected NLTE calcudats

et al. 2003). Therefore it is important to consistently okdte do not change the visible and IR continuum they are free from

the solar irradiance from these active components of ther sdihis &fect.

atmosphere. The diferences between the spectral fluxes for active com-
For our calculations we use the Fontenla et al. (1999) atmmenents and for the quiet Sun integrated from 900 A to 40 000 A

sphere model FALC99 for the quiet Sun, model FALF99 for thare presented in Table 1 for the LTE (A05 and G91 abundances),

bright network, model FALP99 for plage, and model FALS99 foXLTE with G91 abundances and NLTE with enhanced collisions

sunspot. Both NLTE and LTE spectra are presented in Fig. Mith negative hydrogen and combined A05 and G91 abundances

The NLTE spectra produce a lower visible and UV flux and a¢NLTE comb.). We conclude that the NLTE calculations (both

5. Irradiance variations
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Fig. 10.Upper panel: SORCE observations vs. calculations with FAtrGosphere model and described in the text abundancesr pawel: ratio
between the calculations and measurements.
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Fig. 11.NLTE (left panel) and LTE (right panel) calculations of traas irradiance from the quiet Sun, bright network, plage sanspot.

Table 1. TSI differences with FALC model per 1 % area Winv).

FALF FALP FALS
LTE G91 0.28 1.48 -10.7
LTE AO5 0.25 127 -10.82
NLTE G91 0.18 0.76 -11.02
NLTE comb. | 0.15 0.99 -11.05

with and without ODF) significantly reduce the variationgloé

TSI

6. Conclusions

We present a further development of the radiative transidec
COSI. The code accounts for the NLTHexts in several hun-
dred lines, while the NLTE féects in the other several mil-
lions lines are indirectly included via iterated opacitgtdbu-
tion function. The radiative transfer is solved in sphdrgyan-
metry. The main conclusions can be summarized as follows:

— The inclusion of the molecular lines into COSI allows us to
reach a good agreement with the SORCE observations in the
main molecular bands (especially in the CN violet system
and CH G band). It also solves the previous discrepancies be-
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Fig. 12. The flux diferences between plage and quiet Sun (upper panel) and batgtork and quiet Sun (lower panel) calculated in NLTE and
LTE.

tween the LTE calculations with the COSI code and ATLA®arlsson, M. 1986, Upps. Astron. Obs. Rep., 33
12 calculations. We show that due to their strong tempeeattgollet, R., \/;\Srélundil_'\/ll-, 8FL Thél;/enitn,IF-zggg&SA&A ‘é‘l?, 543’_ 145 337
sensitivity, molecular lines significantly contribute tetso- Fgr’:t‘é’:]?g 3 ng Ib."R.,O)lé'o X 's :.; Aot E?aljf &%r%e\ﬁv.siggg,' A,
lar irradiance variability. 518, 480

— We introduce additional opacities to the opacity distfitmit Fontenla, J. M., Curdt, W., Haberreiter, M., Harder, J., &riH. 2009, ApJ,
function. It allows us to solve well-known problem of the 707, 482
overestimation of the UV flux in the synthetic spectrum. Foukal, P. & Lean, J. 1988, ApJ, 328, 347

: . Frohlich, C. 2005, Memorie della Societa Astronomicaidtad, 76, 731
— We show that the concentration of negative hydrogen ay, R.O. & Corbally, C. J. 1094, AJ, 107, 742
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. Davos, Switzerland
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Fig. 13.The spectra calculated with COSI (solid line) vs. SOLSPE@suemets (dotted line).
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