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What’s the problem?

T. P. Golding et al.: Formation of the helium extreme-UV resonance lines

Table 1. Helium line enhancement factors from di↵erent studies.

Study He i �584 He ii �304 He ii �256
Jordan (1975) 15 5.5

MacPherson & Jordan (1999) 10–14 13–25
Pietarila & Judge (2004) 2–10 27

Giunta et al. (2015) 0.5–2 13 5
This work 7 10 7

To make the problem computationally tractable we halved the
horizontal resolution of the model atmosphere so that it is given
on a 252⇥252⇥496 grid. The line intensities computed are He i
�584, He ii �304, and the He ii �256. These line intensities are
denoted IRT.

5.3. Verification of the model atmosphere

To assess how well our model atmosphere represents solar tran-
sition region and coronal conditions we compared our intensity,
Ith, with observed values. The selection of lines and their ob-
served values are listed in Table 7 of Giunta et al. (2015). These
are the lines they used to derive their DEM distribution, and they
are selected to span a large temperature range. The observed val-
ues are of a quiet Sun region.

Figure 2 shows the cumulative distribution of Ith for the se-
lected lines. The red vertical line in each panel indicates the ob-
served value, and the horizontal grey lines show the first and
third quartile. Our model seems to produce reasonable intensities
compared to the observations in most of the lines shown, how-
ever there are exceptions in the low and high temperature ends.
The synthetic intensities of the low temperature Si ii �1309 line
are not likely to be realistic since this line does not form under
optically thin conditions (Lanzafame 1994). The observed inten-
sity of the high-temperature Sixii �520 line is far below the in-
terquartile range of the synthetic intensity distribution. However,
since the model atmosphere represents an enhanced network re-
gion, we expect there to be more hot plasma present than is the
case for quiet Sun conditions, and thus higher synthetic intensi-
ties of the hot lines.

The model atmosphere produces transition region and coro-
nal line intensities of the same order of magnitude as that ob-
served in quiet Sun regions. We therefore conclude that our
model is suitable for a study of the helium EUV resonance lines
under quiet Sun conditions.

5.4. Deriving the DEM from the model atmosphere

We followed Giunta et al. (2015) and derived a DEM based on
a spatial average of our computed line intensities, hIthi. We used
three density-sensitive line ratios to estimate the electron den-
sity at three di↵erent temperatures. The density sensitive line ra-
tios and their values are listed in Table 2. These are the same
line ratios as the ones used by Giunta et al. (2015). The electron
pressure varies less than the electron density over the tempera-
ture range. For this reason we used the average electron pressure
of P

e

/kB = neT = 2 ⇥ 1015 cm�3 K to derive the DEM. The
line intensities we used to derive the DEM are the eleven lines
shown in Fig. 2. To perform the inversion we used the XRT in-
version code included in the Chianti package (Dere et al. 1997;
Del Zanna et al. 2015). The resulting DEM is shown in Fig. 3.

5.5. Enhancement factors

We calculated the modelled line intensities, IDEM, with Eq. (12)
assuming a constant electron pressure (equal to the pressure used
to derive the DEM). Figure 4 shows the synthetic enhancement
factor, hIthi/IDEM, for all our included lines, except for the he-
lium lines where the enhancement factor was computed using
hIRTi/IDEM. These are given as a function of formation tempera-
ture. Our DEM distribution successfully reproduces the observed
intensities for most of the lines, including those not included for
the DEM inversion (black diamonds). The helium lines stand
out with enhancement factors of approximately 7 for He i �584
and He ii �256, and 10 for He ii �304. These values are com-
parable to values reported in earlier studies (see Table 1). We
therefore consider the long standing problem of the anomalous
helium line intensities in the quiet Sun as solved. The helium en-
hancement factors are caused by optically-thick radiative trans-
fer e↵ects and/or the e↵ects of non-equilibrium ionisation. In the
following section we investigate which e↵ects are important for
the formation of He i �584, He ii �256, and He ii �304.

6. Relevant effects for the line intensities

We found in the previous section that the spatially averaged in-
tensity, hIRTi, is higher than that obtained from the DEM distri-
bution. Compared to the simple 1D DEM thin line formation,
we are including much more physics in the full NE-NLTE radia-
tive transfer case. Among these ingredients are multidimensional
atmospheric structure and a non-equilibrium ionisation state. Ig-
noring radiative transfer e↵ects, we begin this analysis by test-
ing whether or not the enhanced intensity is due to these two
ingredients.

First we asses how the 3D atmospheric structure alters the
helium line intensity. The intensities computed by line-of-sight
integration (Eq. (7)) assuming optically thin equilibrium condi-
tions include possible e↵ects of such structure since the emis-
sivity is calculated for each grid point in the model atmosphere
based on the local values of temperature and electron density. To
quantify the e↵ect we define the line intensity ratios,

RDEM =
IDEM

hIRTi
(13)

Rth =
hIthi
hIRTi

· (14)

The values of the ratios for the helium lines are given in Table 3.
RDEM is the inverse of the enhancement factor, and has a value
lower than 1 for the three helium lines considered. The values
of Rth are very similar to the values of RDEM. This means that
the helium line intensities derived from the DEM approximately
reproduce the spatial average of the helium line intensities un-
der optically thin equilibrium conditions. Or in other words, the
multidimensional atmospheric structure does not explain the en-
hanced intensity.
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See also e.g., Jordan 1975, Pietarila & Judge 2004, Giunta et al. 2015

MacPherson & Jordan 1999
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Resonance lines are brighter than expected 
from DEM models



Proposed solutions
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THE INTENSITIES OF HELIUM LINES 
IN THE SOLAR EUV SPECTRUM 

Carole Jordan 

(Received 1974 July 10) 

SUMMARY 

The present paper points out that the lines of neutral and singly ionized 
helium in the solar EUV spectrum have anomalously high intensities when 
compared with lines of other ions formed at similar temperatures. It is 
suggested that the observed absolute and relative intensities, and in addition 
line widths, can be accounted for if a mechanism which causes the helium 
atoms and ions to be excited by electrons with temperatures greater than the 
ionization equilibrium value is operating. Further, the observed decrease of 
helium line intensities in coronal holes, whilst other transition region lines 
decrease little if at all, can be accounted for either by the reduction of the 
enhancement mechanism in coronal holes and/or by the reduced temperature 
gradient in these regions. An essential factor that makes the helium lines so 
sensitive to the presence of such a mechanism is the large value of the ratio 
of the excitation potential of the lines to the electron temperature. 

I. INTRODUCTION 

The lines of He 1 and He 11 are not usually included in the analyses of EUV 
lines intensities from which models are made, since they are expected to be optically 
thick. The helium 1 and 11 level populations have been calculated by Athay (i960, 
1963, 1965) and by Hearn (1969a, b), and the range of various variable parameters, 
such as the electron density, temperature, thickness of the emitting layer, which 
would fit the observed line intensities has been discussed. However, a large dis- 
crepancy exists between the observed He 1 and 11 emission and that predicted from 
the models derived from other EUV lines. This was not apparent in the earlier 
analysis by Pottasch (1964) because of the less reliable intensities and atomic data 
then available. The present paper draws attention to the differences between the 
observed and calculated intensities and suggests a type of mechanism which may 
account for them. Observations of He 1 and 11 intensities in the areas known as 
‘ coronal holes ’ (Withbroe et al. 1971; Tousey et al. 1973) are discussed. Recent 
observations of He 11 line widths (Feldman & Behring 1974; Boland et al. 1975; 
Kohl, Parkinson & Reeves 1973) are also relevant to the present analysis. 

2. CALCULATION OF HE I AND HE II ABSOLUTE INTENSITIES 

The absolute intensities of the optically thin EUV emission lines define a 
distribution of 

n{e) r 
N{H) J M 

Ne? dh 

as a function of temperature (see, for example, Pottasch 1963). AA is the height 
interval corresponding to the temperature range over which the line is formed. 
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velocity redistribution/particle diffusion 
and/or  

non-equilibrium ionization 
and/or 

optically thick radiative transfer



Particle diffusion / Velocity redistribution

• plasma effect 
• also acts with zero bulk velocity,  
• cannot be treated in single-fluid MHD
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Continuity:

Diffusion velocity:



Particle diffusion

viz

Chromosphere

Transition region

Well-established in 1D models, 
e.g.: 
• Shine et al. 1975 
• Fontenla et al. 1993



Velocity redistribution

z

Chromosphere

Transition region

• Diffusion in a turbulent medium 
• Not beyond toy models



• time scale 10 - 100 s 
• ionisation degree cannot 
follow sudden heating  

• can be modelled using 
single-fluid MHD

Non-equilibrium ionization

Golding et al. 2014,2016



Radiation-MHD model

• Bifrost code 
• non-eq. H and He 
• non-eq. 3D radiative transfer of helium with Multi3d 
• all other lines using CHIANTI in ionisation equilibrium

A&A 585, A4 (2016)

Fig. 10. Probability density function (PDF) of the temperature as func-
tion of height at t = 3850 s (upper panel) and at t = 5440 s (lower

panel). Note the logarithmic temperature scale.

This is necessary in order to prevent the temperature from drop-
ping to very low values in areas of rapid expansion (e.g., caused
by the emergence of magnetic loops), see Leenaarts et al. (2011)
for a discussion. There are relatively few points in the simula-
tion box that are a↵ected by this artificial limit in temperature.
The bands of increased probability at temperatures of 10 kK and
20 kK are caused by the ionization of helium that is treated in
LTE in the current simulation, see Golding et al. (2014) for a dis-
cussion of non-equilibrium e↵ects of helium ionization. At the
end of the simulation run, at t = 5440 s, the distribution is rather
similar to the situation at t = 3850 s in the chromosphere, but the
corona has been further heated such that the regions with tem-
peratures below 300 kK above a height of 5 Mm are now gone,
with the exception of an extended helium ionization region at
10 kK.

As is obvious from Fig. 10, the temperature is not a single
valued function of height; there is a large spread of tempera-
tures at most heights. Figures 11–12 show the spatial distribu-
tion of the plasma at di↵erent temperatures. Each panel shows
the distribution of plasma at a given temperature with a trian-
gular shaped weighting centred on a given logarithmic tempera-
ture with a range of ±0.05 in the logarithm. Note that there is no
weighting with density (as would be appropriate for an optically
thin spectral line with a given formation temperature).

At a temperature of 6.3 kK we already see low lying loop
structures connecting magnetic field of opposite polarities. There
is a multitude of these low lying, short loops but much of the
plasma at that temperature is also distributed in structures that
are less loop-like. At 10 kK most of the lowest lying loops have

Fig. 11. Volume rendering of the temperature distribution at t = 5440 s
viewed from the top (left) and side (right). B

z

at z = 0 with positive
(red) and negative (blue) polarity. The Moiré patterns are artefacts of
the volume visualisation.
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Synthetic 304
model has coronal brightness comparable to QS



Derive a DEM using the same lines as Giunta 
et al. 2015 

T. P. Golding et al.: Formation of the helium EUV resonance lines

Fig. 3. Differential emission measure derived from the model
atmosphere. The DEM is derived from the intensities of the
lines shown in Fig. 2

Fig. 4. Enhancement factors for all the modelled lines. The lines
selected for DEM inversion are indicated by red diamonds. The
helium lines are indicated by the black stars. The blue diamonds
show the enhancement factors for the helium lines if we use
their optically thin equilibrium intensity as the ’observation’.
The black diamonds show the enhancement factor for all the
other lines included in the study.
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Compare against other lines 
and He I and He II

T. P. Golding et al.: Formation of the helium EUV resonance lines

Fig. 3. Differential emission measure derived from the model
atmosphere. The DEM is derived from the intensities of the
lines shown in Fig. 2

Fig. 4. Enhancement factors for all the modelled lines. The lines
selected for DEM inversion are indicated by red diamonds. The
helium lines are indicated by the black stars. The blue diamonds
show the enhancement factors for the helium lines if we use
their optically thin equilibrium intensity as the ’observation’.
The black diamonds show the enhancement factor for all the
other lines included in the study.
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Compare against other lines 
and He I and He II

T. P. Golding et al.: Formation of the helium EUV resonance lines

Fig. 3. Differential emission measure derived from the model
atmosphere. The DEM is derived from the intensities of the
lines shown in Fig. 2

Fig. 4. Enhancement factors for all the modelled lines. The lines
selected for DEM inversion are indicated by red diamonds. The
helium lines are indicated by the black stars. The blue diamonds
show the enhancement factors for the helium lines if we use
their optically thin equilibrium intensity as the ’observation’.
The black diamonds show the enhancement factor for all the
other lines included in the study.
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He lines are much brighter



He I 584

• Extra photons come from 
recombination cascades 

• Collisional excitation is 
not enough, even with 
non-equilibrium ionisation

T. P. Golding et al.: Formation of the helium EUV resonance lines

Fig. 6. Comparison of the NE-NLTE thick and non-equilibrium thin line formation of He i �584 (left column) and He ii �304
(right column). Upper panels: contribution functions (scale to the left) for thick formation (solid black) and thin formation (solid
red). For context the temperature is also shown (dashed curve, scale to the right). Two additional scales are drawn in each of
the two upper panels. The upper scale shows the optical depth at line center. The lower scale shows the optical depth for the
continuum. Bottom panels: net rates into the upper level of the transition. Collisional processes are indicated by red lines and
radiative transitions are indicated by black lines.
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Fig. 5. Details on the thin line formation of He i �584 (left column) and He ii �304 (right column). Upper panels: line emissivities
(solid, scale to the left) and temperature (dashed, scale to the right). Bottom panels: ion fractions (solid, scale to the left) and
temperature (dashed, scale to the right). The black lines show the values corresponding to ionisation equilibrium and the blue lines
show the values corresponding to non-equilibrium ionisation.
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He II 256 and 304
A&A proofs: manuscript no. helines

Fig. 5. Details on the thin line formation of He i �584 (left column) and He ii �304 (right column). Upper panels: line emissivities
(solid, scale to the left) and temperature (dashed, scale to the right). Bottom panels: ion fractions (solid, scale to the left) and
temperature (dashed, scale to the right). The black lines show the values corresponding to ionisation equilibrium and the blue lines
show the values corresponding to non-equilibrium ionisation.
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Fig. 5. Details on the thin line formation of He i �584 (left column) and He ii �304 (right column). Upper panels: line emissivities
(solid, scale to the left) and temperature (dashed, scale to the right). Bottom panels: ion fractions (solid, scale to the left) and
temperature (dashed, scale to the right). The black lines show the values corresponding to ionisation equilibrium and the blue lines
show the values corresponding to non-equilibrium ionisation.
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• Non.-eq. ionisation 
increase He II at high 
temperatures: 50% of 
observed intensity



He II 256 and 304

• Backscattering gives 
another factor 2



Conclusions

• We reproduce observed enhancement factors 
• He I enhancement: recombination cascades 
• He II enhancement: non-equilibrium ionization 

and backscattering 
• Role of particle diffusion remains unclear, but 

must be present to explain variations in coronal 
He abundance


