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Abstract. We present an analytical and numerical study of the sensitivity of weak solar photospheric lines to tempera-
ture, velocity, and magnetic fields. Our investigation is based on the concept of response functions (Landi degl’Innocenti
& Landi degl’Innocenti 1977; Ruiz Cobo & del Toro Iniesta 1994). Lines commonly used in solar spectropolarimetry, like
Fe1 630.25 nm in the visible and FeI 1564.85 nm in the infrared, are examined in detail as emerging from reference quiet
Sun and sunspot models. We develop a simple phenomenological model capable of describing the response of any given line
to these atmospheric parameters. We find that: (a) the sensitivity of the lines to velocity and magnetic fields increases with
the sharpness of the intensity and circular polarization profiles; (b) the sensitivity to temperature is determined mainly by the
variation of the source function with temperature, which is smaller at longer wavelengths; and (c) lines quoted to be insensitive
to temperature, like Fe 1 1564.85 nm and Fe1557.61 nm, exhibit larger changes in equivalent width than lines presumed to have
higher sensitivities to 7', such as Fe1 630.25 nm. The relations provided by our model are universal and can be used to decide
which line is better suited to measuring a given atmospheric parameter. The results of this study are of practical interest for the
design of new instruments and for better exploitation of existing ones.
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1. Introduction

Astrophysicists obtain information about the thermal, mag-
netic, and dynamic structure of the solar atmosphere by mea-
suring and interpreting the intensity and polarization profiles of
spectral lines. In doing so they exploit the fact that the physical
parameters of the atmosphere leave clear signatures in these
profiles. For example, mass motions shift the spectral lines,
whereas magnetic fields induce circular and linear polarization.
Different levels of sophistication can be used to interpret the
observations, from simple measurements of line bisectors or
equivalent widths to complex inversions of the radiative trans-
fer equation. In all cases, it is agreed that one should care-
fully select the spectral lines to be observed, so that they react
mainly to one atmospheric parameter. By combining lines that
are sensitive to different parameters, it is in principle possible
to uniquely determine the physical properties of the medium
where they are formed.

Unfortunately, such an ideal case is only seldom encoun-
tered in practice. Magnetically insensitive lines do exist, but all
lines react to temperature and velocities to a larger or smaller
extent. If, for example, one is interested in determining the ve-
locity field in a sunspot by means of bisector analyses, it is
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clear that the appropriate line should be magnetically insen-
sitive. The selected line should also exhibit little response to
temperature, but it is hopeless to expect zero temperature sensi-
tivities. The claim that certain lines do not react to temperature
has caused some confusion in the literature.

Once these general considerations are agreed upon, the
question remains as to how to select the best lines for the partic-
ular problem under consideration. Over the years, lines suitable
for measuring magnetic fields have been identified on the basis
of their large Zeeman splittings (e.g., von Kliiber 1948; Solanki
et al. 1992; Riiedi et al. 1998) or some other special properties
as, for example, the absence of linear polarization (which re-
moves undesired instrumental crosstalk between the Stokes pa-
rameters; see Vela Villahoz et al. 1994) and their large Stokes V
amplitudes (e.g., Solanki et al. 1987, 1990; Riiedi et al. 1995).
Also, lines with zero Landé factors have been identified to al-
low meaningful Doppler shift measurements in sunspots (e.g.,
von Kliiber 1948). It is important to bear in mind, however,
that the sensitivity to magnetic fields is not determined by the
amount of Zeeman splitting alone. In fact, lines with similar
Zeeman splittings but different thermal widths are seen to ex-
hibit different responses to magnetic fields.

The response of spectral lines to temperature and veloci-
ties, by contrast, is not so well characterized. Although simple
considerations indicate how a given line reacts to temperature
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(e.g., Gray 1992), these estimates must be viewed with caution
because of the many simplifying assumptions on which they
are based'. To the best of our knowledge, no detailed analysis
of the sensitivity of spectral lines to mass motions has ever been
published. Thus, one is forced to rely on an intuition that lines
in the red part of the spectrum are better suited to the determi-
nation of velocities because the Doppler shift is proportional to
wavelength.

The importance of a proper selection of spectral lines
has been emphasized by recent advances in solar instrumen-
tation. We are now able to put spectrographs and polarime-
ters in space and to observe the near infrared part of the
spectrum from the ground. Prominent examples of existing
or future space-based/balloon-borne instruments include the
Michelson Doppler Imager (MDI; Scherrer et al. 1995) on-
board SOHO, the Solar-B spectropolarimeter (Lites et al.
2001), the vector magnetograph and visible spectropolarime-
ter of Sunrise (Solanki et al. 2003; Gandorfer et al. 2004), the
Helioseismic and Magnetic Imager (HMI, Scherrer 2002) on-
board the Solar Dynamics Observatory, and the Visible-light
Imager and Magnetograph of Solar Orbiter (Marsch et al. 2002;
see also the proceedings edited by Battrick & Sawaya-Lacoste
2001). The lines observed by these instruments are often picked
up from a small list of candidates for which detailed radiative
transfer calculations are carried out. This limited search range
is imposed, among other reasons, by the lack of a simple for-
mulation capable of describing the sensitivity of the lines to the
various atmospheric parameters.

In this paper we study the sensitivity of spectral lines to
the physical conditions of the solar atmosphere, that is, to tem-
perature, velocity, and magnetic fields. We follow two comple-
mentary approaches. First, we compute response functions for
a set of lines widely used in solar physics. Both visible and near
infrared lines are considered. We investigate the sensitivity of
these lines in three different model atmospheres simulating the
conditions of sunspot umbrae and penumbrae, as well as the
quiet sun. Second, we develop an analytical model that is able
to explain the sensitivities of the lines as inferred from the nu-
merical calculations. This model provides relations that can be
used to determine the sensitivity of any line by plugging in sim-
ple parameters, such as line widths and residual intensities.

To illustrate the diagnostic potential of visible and infrared
lines, we selected the Fel 630.25 nm and Fel 1564.85 nm
lines for closer scrutiny. These are the lines measured by a
number of state-of-the-art spectropolarimeters, including the
Advanced Stokes Polarimeter (ASP, Elmore et al. 1992), the
Polarimetric Littrow Spectrograph (POLIS, Schmidt et al.
2003), the La Palma Stokes Polarimeter (LPSP, Martinez
Pillet et al. 1999), and the Tenerife Infrared Polarimeter (TIP;
Collados et al. 1999).

The paper is organized as follows. The meaning of re-
sponse functions, details of the numerical calculations, and the
description of our analytical model are given in Sect. 2. We
investigate the sensitivity of the selected lines to velocities,
magnetic fields, and temperatures in Sects. 3-5, respectively.

! The most important is perhaps the neglect of variations in the
source function when the temperature is changed.
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A discussion of the results is given in Sect. 6. Finally, Sect. 7
summarizes our conclusions.

2. Sensitivity of spectral lines

According to Ruiz Cobo & del Toro Iniesta (1994), the sensi-
tivity of Stokes profiles to perturbations of the atmospheric pa-
rameters are given by the so-called response functions (RFs).
They provide direct information on how changes in the phys-
ical conditions of the solar atmosphere cause modifications of
the emergent spectrum. Response functions appear naturally
after linearization of the radiative transfer equation, and were
first called weight functions by Mein (1971); RFs were ex-
tended to polarized radiative transfer by Landi degl’Innocenti
& Landi degl’Innocenti (1977).

Let us summarize here the definition and main properties
of RFs. Following del Toro Iniesta (2003), we shall call x;(t¢)
a generic atmospheric parameter (index i will denote temper-
ature, magnetic field strength, inclination or azimuth, line-of-
sight velocity, etc.) as a function of the continuum optical depth
at 500 nm, 7.. Modification of the observed Stokes spectrurn2,
oI(t. = 0; 1), after small perturbations 6x;(7.) is given by

510)= ), [ R dr, M
i=1 Y0

where m stands for the number of physical quantities relevant
to line formation, and the response functions can be written as

oS 0K
R;(r.) = 00, 7) [K(TC)G_x - —(re) = S(z)]|,

T on 2

with 0(0, 7.) the evolution operator from 7. to the surface, K
the propagation (or absorption) matrix normalized to the con-
tinuum absorption coefficient at 500 nm, and S the source func-
tion vector. Equation (2) reflects the fact that perturbations d.x;
induce modifications in both K and S. These modifications
evolve through the atmosphere, as governed by the evolution
operator, until they reach the observer. Equation (1) draws a
complicated scenario, in which the sometimes subtle differ-
ences between the Stokes profiles of a single line as formed
in various solar atmospheres are made up of a sum of contri-
butions, one for each of the many atmospheric quantities. The
sensitivity of the Stokes vector to perturbations of each quan-
tity is given by the corresponding response function vector: R;
tells us how much §x; “contributes” to §1(0; A).

2.1. Sensitivity to constant perturbations

RFs have proven useful in practical applications. For exam-
ple, they are incorporated in a number of inversion codes in-
cluding SIR (Stokes Inversion based on Response functions,
Ruiz Cobo & del Toro Iniesta 1992) and SPINOR (Frutiger
2000). Unfortunately, the quantitative interpretation of the RFs

2 As usual, by Stokes spectrum we understand the four Stokes pa-
rameters as functions of wavelength, 1. We will formally represent
it as a vector I1(0; 1) = (I, Q, U, V). The wavelength dependence is
dropped in Eq. (1) for simplicity.
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is not straightforward. There is, however, a particularly interest-
ing case in which the meaning of RFs can easily be understood.
Assume that we are just dealing with constant perturbations,
ie.,

0x;(7c) = 6x; = const. Yi=1,2,..,m. 3)
In such a case, Eq. (1) reduces to
51(0) = > R ox;, )
i=1
where
0 aI(0
R = f Ri(r.)dr. = 910) (5)
0 Ox;

Therefore, the integrated response functions R} play the role
of partial derivatives of the emergent Stokes spectrum with re-
spect to a given atmospheric parameter. Since the concept of
partial derivative is familiar to the reader, the usefulness of RFs
is quickly understood.

2.2. Calculation of RFs

In the following sections, the sensitivity of visible and in-
frared lines to various atmospheric parameters is characterized
by their RFs as evaluated in three solar model atmospheres:
the Harvard-Smithsonian Reference Atmosphere of the quiet
sun (HSRA, Gingerich et al. 1971), the penumbral model of
del Toro Iniesta et al. (1994), and the hot umbral model of
Collados et al. (1994). The lines selected for analysis are listed
in Table 1 together with their atomic parameters. All of them
are widely used in solar physics. Our list contains some mag-
netically insensitive transitions (with zero effective Landé fac-
tor, ge) and lines that are often quoted to be insensitive to tem-
perature, such as Fe1557.61 nm.

The RFs as a function of wavelength and optical depth
(Eq. (2)) are computed numerically using the SIR code. In or-
der to illustrate the differences between visible and infrared
lines, the RFs will be discussed in detail for Fe 1 630.25 nm and
Fe11564.85 nm. Both of them are normal Zeeman triplets with
large Landé factors (2.5 and 3.0, respectively), and can be con-
sidered as prototypes of visible and infrared lines. The range of
optical depths where Fe1 630.25 nm and FeT 1564.85 nm are
formed is determined by the wavelength of the transition, the
excitation potential of the lower atomic level, and the oscillator
strength. In general, the Fe1 line at 1564.85 nm is able to probe
deeper photospheric layers because of the reduced continuum
opacity of H™ in the infrared (the minimum opacity occurs at
1642 nm). Fe1 1564.85 nm is not formed in high photospheric
layers due to its large excitation potential: such layers are cool
and the number of atoms capable of absorbing goes to zero
very quickly. By contrast, the visible FeTI line at 630.25 nm
does not reach layers much lower than 7, = 1 (due to the in-
creased H™ opacity), but its smaller excitation potential means
that it can be formed in the upper photosphere. These consider-
ations will help us understand some of the differences between
the RFs of visible and infrared lines.
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Table 1. Set of visible and infrared lines considered in this work. A
represents the central wavelength, y the excitation potential of the
lower level, log gf the logarithm of the oscillator strength times the
multiplicity of the lower level, and g, the effective Landé factor.

Species Ao [nm] X [eV] loggf Gert
NiI 491.20 3.75 -0.87 0.00
Fe1 524.71 0.09 -4.95 2.00
Fe1 525.02 0.12 -4.94 3.00
Fe1 537.96 3.69 -1.65 1.00
Tin 538.10 1.57 -2.05 0.90
Fe1 557.61 3.43 -0.91 0.00
Fe1 569.15 4.30 -1.36 0.00
Fenr 614.93 3.89 -2.70 1.33
Fe1 617.33 222 -2.98 2.50
Fe1 630.25 3.69 -1.24 2.50
Fe1 630.35 4.32 -2.55 1.50
Ti1 630.38 1.45 -1.44 0.92
NiI 676.78 1.83 -1.89 1.50
Fe1 709.04 4.23 -1.21 0.00
Fen 722.45 3.89 -3.39 0.00
SiI 1062.76 5.86 -0.29 1.75
Fe1 1089.63 3.07 -2.85 1.50
Fe1 1142.23 2.20 -2.89 1.98
Fe1 1221.33 4.64 -1.93 2.50
Fe1 1558.83 6.37 +0.25 1.50
Fe1 1564.85 5.43 -0.67 3.00

For the other lines in Table 1, our sensitivity analysis is
based on integrated RFs as defined by Eq. (5). For each line,
we integrate over optical depth the RFs provided by SIR, and
select the maximum value across the line profile. That is, the
sensitivity of a given line will be characterized by a single num-
ber to allow easy intercomparisons.

It is important to mention that the Stokes profiles and RFs
computed by SIR are normalized to the continuum intensity of
the quiet sun (represented by the HSRA model) at the central
wavelength of the line. This implies that the Stokes profiles are
non-dimensional, and that the units of the RFs are the inverse of
those of the corresponding atmospheric parameter. Throughout
the paper, the RFs at 7. are multiplied by the optical thick-
ness At of the corresponding atmospheric layer (the stepsize
of the spatial grid used in the calculations is Alog 7, = 0.1).

2.3. Weak line model

To understand the sensitivity of the lines as inferred from the
RFs, we use a simple phenomenological model for the shape
of weak spectral lines®. More specifically, we assume that the
emergent Stokes / profile can be described (in the absence of
strong magnetic fields) by a Gaussian of the form

—(4 = A)?
I(A) =A, —Apexp| ———— | 6
() = Ay - Ag p[ 22 (6)
Here, A stands for the wavelength of the transition, Ay and A;
are the depth and width of the line, respectively, and A, mea-

sures the local continuum intensity.

3 The majority of photospheric lines in the solar spectrum are weak.
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Fig. 1. RF of Stokes I to v os multiplied by Ar, [1072 (kms~")~!] for Fe 630.25 nm (left) and Fel 1564.85 nm (right) in the HSRA quiet Sun
model. The gray scale is the same in the two panels to facilitate comparisons.

In the strong field regime, the o components of the
Stokes V profile will be represented as

V(1) = +AJ exp

—(A- 29 £ ABV]’ e

2(A)

where Aj and A} are the amplitude and width of the
Stokes V lobes, and the Zeeman splitting is Ag = C gegr B/lg,
with C = 4.67 x 1073 A-' G~ and B the field strength (as-
sumed to be constant with height).

For sufficiently small fields, we use the weak field ap-
proximation (Landi degl’Innocenti 1992) to represent the
Stokes V profile:

oy

V(1) = —Ag cosy oL 8)
Here, Iy is the intensity profile that would emerge from the
same atmosphere without magnetic fields and y the (height-
independent) inclination of the magnetic field vector. In prac-
tice, one observes emergent profiles from the solar atmosphere
and they are affected by the magnetic field. For this reason, in-
stead of Iy we consider the intensity profile formed in the mag-
netic atmosphere. If the field is weak enough, this profile has
approximately the same shape as [y and can be described by
Eq. (6). So inserting Egs. (6) into (8) leads to

—(1- /10)2]
24 |

-2
V(1) ~ -1 cosy A’ (4= o)

o ©)

where Aj and A7 stand for the depth and width of the intensity
profile formed in the atmosphere with magnetic field.

At this point, we emphasize that our description of the
Stokes profile shapes does not pretend to be accurate. It just
provides simple analytical expressions that can easily be differ-
enciated with respect to the atmospheric parameters.

3. Sensitivity to line-of-sight velocity

Figure 1 shows the RFs of Stokes / to velocity as a function
of A and 7, for Fe1630.25 nm and Fe1 1564.85 nm. The HSRA
quiet sun model has been used for the computations. No matter
the optical depth we are looking at, in the absence of magnetic

fields the RFs to LOS velocity perturbations have always two
lobes. Since the lines are in absorption, a positive (redshifted)
velocity increases the intensities in the blue wing and decreases
them in the red wing. For this reason, the RFs show positive
blue lobes and negative red lobes. Figure 1 also demonstrates
that the visible and infrared lines are sensitive to LOS veloc-
ity perturbations in a broad range of layers. That is, the lines
are not “formed” at a single depth. Other important properties
of the RFs displayed in Fig. 1 are: (a) FeI 1564.85 nm is not
sensitive to velocities in layers below log7r, ~ 0 and above
log 7. ~ —2; and (b) the visible line shows a greater sensitivity
than the infrared line.

Some of these properties are easy to understand. The fact
that Fe1 1564.85 nm does not probe high photospheric lay-
ers is due to its large excitation potential, as explained in
Sect. 2.2. The other two properties are counter-intuition. Due
to the small H™ opacity in the infrared, Fe 1 1564.85 nm should
react to velocity perturbations in layers deeper than log 7. ~ 0,
but this is not what we see in Fig. 1. Also, one would expect
larger sensitivities for the infrared line because the Doppler
shift is proportional to wavelength. As shown below, the be-
havior exhibited by the RFs of Fig. 1 can be explained by the
phenomenological model introduced in Sect. 2.3.

If the line is formed in an atmosphere in which matter
moves at a constant velocity with component along the line of
sight v os, then the intensity profile of Eq. (6) is shifted by

ALos = ﬁol&%, (10)
and becomes

—(A— Ay — ALos)?
1) = Ay — Apex . 11
(A) = Ay — Apexp 242 (11)

According to the results of Sect. 2.1, the RF of Stokes I to
constant perturbations in vr os is given by

ol Apdo
B Alc

(A= 29 — ALos)

(12)

—(A— 22— ﬂLos)z]
X exp ,

242
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Fig. 2. Maximum value of the integrated RF to v os for the lines of
Table 1, as a function of the shape ratio multiplied by the central wave-
length of the transition. Quiet Sun (crosses), penumbral (circles) and
hot umbral (filled circles) atmospheres have been used. The most sen-
sitive lines, Fel 630.25 nm, and Fel 1564.85 nm are marked with
labels in the quiet Sun (dotted lines), penumbral (dashed lines), and
umbral (dotted-dashed lines) models.

which has extrema at

Aext = Ao + ALos £ Aj.

(13)

Thus, the maximum sensitivity of the line to velocity shifts is
reached in the line wings. Taking the negative sign in Eq. (13),
the maximum of the RF is
A ods

A1 C
Therefore, as one would expect from the Doppler shift relation-
ship in Eq. (10), the larger the wavelength the greater the sen-
sitivity of the line to LOS velocities. But this is only so, how-
ever, provided the shape ratio Ag/A| remains constant. Ay/A;
is in fact the ratio between the depth and the width of the line,
and can be regarded as a measure of the slope of the intensity
profile in the line wings. As mentioned before, FeT 630.25 nm
shows larger LOS velocity sensitivities than FeT 1564.85 nm
all across the line profile. A larger shape ratio is the reason for
its greater sensitivity. Thus, the shape ratio turns out to be dom-
inant for the line behavior: the stronger and narrower the line,
the greater the sensitivity to velocities. Our analytical model
also explains why the infrared line is not sensitive to velocities
below log 7. ~ 0: near the continuum, the spectral line is so
broad that the shape ratio (i.e., the slope of the intensity pro-
file at that position) is almost zero, resulting in very small RFs
to vLos-

Figure 2 shows the maximum of the integrated RF to ve-
locity perturbations for the various lines of Table 1 in the
quiet sun, umbral, and penumbral atmospheres. For simplic-
ity, the magnetic field has been set to zero in the umbral
and penumbral models*. Motivated by Eq. (14), the sensi-
tivity of the lines is plotted as a function of the shape ra-
tio times the central wavelength. Our simple analytical cal-
culations provide an excellent description of the sensitivity

R;Los,l(/lmax) =¢e (14)

4 In the presence of magnetic fields, the response of magnetically-
sensitive lines to velocity perturbations would be smaller due to the
reduced shape ratios that would result.
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of visible and infrared lines in the three atmospheres. This
has important practical consequences. The relationship shown
in Fig. 2 is universal for weak lines: if one is interested in
knowing how much a given line reacts to velocity changes,
a simple estimate of the coefficients Ayp and A; (as defined
by Eq. (6)) will make it possible to compare its sensitivity
with those of other lines. To facilitate such a comparison,
Tables A.1-A.3 list the coefficients required to compute the
x-position of the various lines displayed in Fig. 2.

As can be seen in Fig. 2, the sensitivity of the lines to veloc-
ities is generally reduced in the umbral model (filled circles).
The reason is the lower temperatures of the umbra as compared
with the penumbra and the quiet sun. Such low temperatures
produce smaller Ag and larger A; (i.e., smaller shape ratios) for
the majority of neutral lines in the sample.

In Fig. 2, the most sensitive lines, Fe1 630.25 nm, and
Fe1 1564.85 nm are marked with labels for the quiet Sun (dot-
ted lines), the penumbral (dashed lines), and umbral (dash-
dotted lines) models. The most sensitive line in the umbra
is TiT 630.38 nm. In the penumbra and the quiet Sun, one
should prefer Fe1 524.71 nm due to its large sensitivity to
vLos. Consistent with our previous findings, the Fel line at
630.25 nm is observed to be more sensitive to velocity per-
turbations than FeI 1564.85 nm in all three models.

4. Sensitivity to magnetic field strength

In this section, the sensitivity of spectral lines to changes in the
magnetic field strength is examined using the RFs for Stokes V.
We concentrate on the behavior of Stokes V' because the de-
termination of magnetic fields in the solar atmosphere relies
very often on the interpretation of circular polarization pro-
files. Stokes V reacts differently to magnetic fields in the strong
and weak field regimes, so we need to consider the two cases
separately.

4.1. Strong field regime

In Fig. 3, the RFs of Stokes V to magnetic field strengths are
plotted as functions of A and 7. for the FeT lines at 630.25 nm
and 1564.85 nm. We have used the HSRA quiet sun model with
a constant longitudinal (y = 0) magnetic field of B = 2000 G.
The field is sufficiently large so as to consider that the strong
field regime applies. The RFs to B-perturbations exhibit four
lobes, two for each o component. The signs of the RFs reflect
how the Stokes V signal varies when the field is increased: in
the strong field regime, the amplitudes of the Stokes V lobes do
not change, only their wavelength separation does. The main
properties of the RFs displayed in Fig. 3 are:

1. The two lines react to B in a broad range of optical depths,
from log 7. ~ 0.2 to ~—3 in the case of the visible line and
from ~0.5 to ~=2.5 in the case of the infrared line. Thus,
Fe11564.85 nm is able to probe slightly deeper layers than
Fe1630.25 nm.

2. The infrared line is more sensitive to B. This is what one
would expect from the fact that the Zeeman splitting is pro-
portional to gegr A3
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Fig. 3. Normalized RF of Stokes V to B multiplied by Az, [10~° G™!] for Fe1630.25 nm (left) and FeT 1564.85 nm (right) in the HSRA model
with a longitudinal magnetic field of B = 2000 G. The same gray scale is used in the two panels.

We now use the phenomenological model of Sect. 2.3 to gain a
better understanding of the line parameters that determine the
sensitivity to B. In the strong field regime, the lobes of Stokes V
can be represented® by Eq. (7). Differenciating this expression
with respect to B one obtains that the RF of Stokes V to con-
stant perturbations in B is

AV Cg g A2
’ _ 0 (] _
Ry ) =~y (= do+ )
—(A -2+ Ap)?
X exp —(A= Ao+ )" 15)
2(A‘1/)2
The RF has extrema at
Aext = Ao — Ap £ A, (16)

so the maximum sensitivity is reached in the wings of the o
components. Taking the negative sign for A‘l/ in Eq. (16) one
finally has

14

R, (A )—e—“zcﬁ A2

B,4{4max) = AV Jeft -
1

a7)

Equation (17) tells us that the sensitivity of Stokes V to B is
proportional to the shape ratio A(‘)/ JAY, the Landé factor geg,
and /1(2). Now the wavelength of the transition plays a crucial
role, as it can effectively compensate for small shape ratios.
Indeed, this explains why the infrared FeI line at 1564.8 nm is
more sensitive to B than Fe1 630.25 nm.

Figure 4 shows the maximum value of the integrated RF
to magnetic field perturbations for the lines of Table 1 with
ger # 0. Different symbols represent the quiet sun, penum-
bral, and umbral atmospheres. The following magnetic field
strengths and inclinations have been assumed for the three
models: (2000 G, 0°), (1500 G, 70°), and (2000 G, 10°), re-
spectively. Very roughly, these values represent the conditions
of plage regions and sunspot penumbrae and umbrae. We plot
the maximum of the integrated RFs as a function of the pa-
rameter (Ag /A‘l/) geﬂ‘/lg. Also in this case, the phenomenologi-
cal model explains the sensitivity of the lines to B remarkably

3> Only the blue lobe of Stokes V, positive sign in Eq. (7), is consid-
ered here. Results for the red lobe are analogous.
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Fig. 4. Maximum values of the integrated RF to B for the set of lines
in Table 1 with ger # 0 vs (A} /A]) gerd? (strong field regime). The
sensitivities have been evaluated in the quiet sun (crosses), penum-
bral (circles), and umbral (filled circles) models. Dotted, dashed, and
dash-dotted lines mark the most sensitive lines, FeI 630.25 nm, and
Fe11564.85 nm in the quiet sun, penumbral, and umbral atmospheres,
respectively.

well. We stress that any other combination of B and y values
in the atmospheric model would have led to the same linear re-
lationship in Fig. 4 (with different values of the RFs and the
shape ratio, of course). Thus, the figure can be used to gauge
the sensitivity of any weak line to magnetic field perturbations
in any atmosphere. To do that, it suffices to estimate the pa-
rameter A(‘)/ /A‘l/ of the Stokes V profile of the line as it emerges
from the atmosphere under consideration.

As can be seen in Fig. 4, the sensitivity to B is larger in the
quiet sun model. This can be traced to the higher temperatures
(which lead to larger shape ratios) and the more vertical ori-
entation of the magnetic field vector® (which maximizes Ag ).
Lines in the umbra and the penumbra exhibit similar sensitiv-
ities. Although the penumbral model has higher temperatures
(which would result in larger sensitivities), the more horizontal
orientation of the field actually reduces the sensitivity.

6 Although not explicitly written in Eq. (7), the Stokes V amplitude
depends on . This dependence shows up clearly when comparing the
results for differently inclined magnetic fields, as in our example.
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Fig. 5. Normalized RF of Stokes V to B multiplied by Ar, [10~°> G™!] for FeT 630.25 nm (left) and Fe 1 1564.85 nm (right) in the HSRA model
with a longitudinal magnetic field of B = 200 G. This corresponds to the weak field regime.

In Fig. 4, we have marked specific lines emerging from
the penumbral and umbral models with dashed and dash-
dotted lines, respectively. The most sensitive line in the um-
bra and penumbra is Fel 1142.32 nm. Note also that the
Fel line at 1564.85 nm is observed to be more sensitive than
Fe1630.25 nm in all three models.

4.2. Weak field regime

Figure 5 shows the RFs of Stokes V to B for Fe1 630.25 nm
and FeT 1564.85 nm as emerging from the HSRA model with a
constant longitudinal field of 200 G. Such a small field ensures
that the lines are formed in the weak field regime. The atmo-
spheric model adopted would be representative of quiet Sun in-
ternetwork fields (e.g., Khomenko et al. 2003). Contrary to the
previous case, the RFs of Stokes V to B exhibit only two lobes
in the weak field regime. The reason is that enhancements of
the field strength increase the amplitude of the Stokes V lobes,
but do not shift them. Thus, RFs have positive blue lobes and
negative red lobes.

The two lines probe similar layers as in the strong field
regime, but now their sensitivities to B are more or less the
same. This finding, already reported by del Toro Iniesta &
Ruiz Cobo (1997), is somewhat surprising because the ampli-
tude of Stokes V in the weak field regime is proportional to
geﬂc/l(z). Thus, one would expect the infrared line to be much
more sensitive to B than the visible line.

Again we use the phenomenological model of Sect. 2.3
to explain these features. Differentiating Eq. (9) with respect
to B, the RF of Stokes V to constant perturbations of the field
strength can be written as

(A= 4o)
(A})?

(1 - 20)?

Ry 4(1) = =C geg A cosy A} -
2(A})?

], (18)

and so the maximum value of the RF is

A
Ry 4(Amax) = €12 C cosy -2 gendf. (19)
1
Formally, the response of Stokes V to B in the weak field

regime is very similar to that in the strong field regime
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Fig. 6. Maximum values of the integrated RF to B for the lines of
Table 1 with g.g # 0 vs the parameter (A;/A}) cos ygeﬂ/lg (weak
field regime). The sensitivities have been evaluated in the quiet sun
(crosses), penumbral (circles), and hot umbral (filled circles) models
with a longitudinal magnetic field of 200 G. Dotted, dashed, and dash-
dotted lines mark specific transitions in the quiet sun, penumbral, and
umbral models, respectively.

(compare Eqgs. (19) with (17)), except for the explicit cos y de-
pendence. Now, however, the shape ratio Aj/A] refers to the
Stokes / profile, not to the Stokes V profile. That s, the sensitiv-
ity to B is determined by the sharpness of the intensity profile,
together with the cosine of the field inclination 7y, the Landé
factor geg, and /1(2). Fe1630.25 nm has a greater shape ratio than
Fe11564.85 nm. This compensates for the smaller geﬁ/lg of the
visible line, explaining why both lines exhibit more or less the
same sensitivity in the quiet sun atmosphere.

In Fig. 6 we plot the maximum value of the integrated RF
to field strength perturbations for the lines of Table 1 with
ger # 0. For the three models considered we use a longi-
tudinal magnetic field of 200 G. The most sensitive lines in
the umbra and penumbra turn out to be Fel 1142.32 nm and
Fe1 525.02 nm, respectively. The Fel line at 1564.85 nm is
more sensitive than Fe1 630.25 nm only in the umbral model.
In hotter atmospheres, like the penumbral and quiet Sun mod-
els, a smaller shape ratio makes the infrared line slightly less
sensitive to B than the visible FeI line at 630.25 nm.
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Fig. 7. Top: normalized RF of Stokes I to T multiplied by At [1073 K~!] for Fe1630.25 nm (left) and Fe I 1564.85 nm (right) in the HSRA quiet
sun model. Bottom: the two subpanels below each line display the first (leff) and second (right) signed terms on the rhs of Eq. (2) contributing
to the RE. That is, the first and third subpanels show how Stokes / varies due to changes in the source function, while the second and fourth
subpanels display how Stokes / reacts to the opacity variations induced by temperature changes. Note that the gray scale is inverted in this
figure, with black representing positive values and white negative values.

Comparing Figs. 4 and 6 it is clear that the sensitivities
of Stokes V to magnetic field perturbations in the weak field
regime are larger than in the strong field regime. This result
may look strange at first, but can be understood by noting that
the shape ratio of Stokes I (Aj/A}) is about twice as large as
that of Stokes V (A} /A}) in the strong field case. According to
Tables A.1 and A.3, A} ~ A}, while A} ~ 2A(‘)/ for most of the
lines. Physically, the larger sensitivity in the weak field regime
results from the fact that changes in B modify the amplitude of
the Stokes V profile, whereas in the strong field regime only
the lobe separation varies. Due to the larger slope of Stokes /
in the line wing as compared with the slope of the V pro-
file (the parameters determining the sensitivity to B in the two
cases), changes in amplitude are much clearly seen than profile
shifts. In practice, however, the inference of field strengths is
less reliable in the weak field regime, because the amplitude of
Stokes V also depends on other parameters such as tempera-
ture and magnetic filling factor. Discriminating between these
parameters and the magnetic field strength is often a difficult
task.

5. Sensitivity to temperature

In this section we investigate how the intensity profiles and
equivalent width of spectral lines react to temperature per-
turbations. The response of Stokes V to T is similar to that
of Stokes I, because the circular polarization profile is the
difference between the intensity profiles corresponding to right-
handed and left-handed circularly polarized photons. As de-
scribed by Eq. (2), changes in temperature induce modifica-
tions of both the propagation matrix and the source function.
Below we demonstrate that the sensitivity of Stokes [ to tem-
perature perturbations is mainly determined by variations of the
source function (0S/0T), whereas that of the equivalent width
is mostly due to changes in absorption (0K /0T).

5.1. Response of Stokes | to temperature

The upper panels of Fig. 7 show the RFs of Stokes / to temper-
ature for the FeI lines at 630.25 nm and 1564.85 nm as emerg-
ing from the HSRA quiet sun model. In the lower panels we
plot the two (signed) terms on the rhs of Eq. (2) contributing
to each RF: variations in the source function (left) and in the
opacity (right). Inspection of these panels reveals that:

1. Variations in the source function result in a larger contribu-
tion to the RFs than opacity changes. Thus, the sensitivity
of Stokes I to temperature is dominated by changes in the
source function, with opacity variations playing a less im-
portant role.

2. The variation of § with T is always positive: tempera-
ture enhancements increase the emissivity and therefore the
emergent intensity, both in the continuum and in the line.

3. The term associated with variations of K with T is predom-
inantly positive except in the deepest photospheric layers.
In the line, this reflects the well known fact that an increase
of temperature leads to reduced absorption due to the larger
ionization of iron. As a result of the smaller absorption, the
emergent intensity increases. At continuum wavelengths,
we find negative values deep in the atmosphere, indicat-
ing an increase of the continuum absorption after tempera-
ture enhancements. This phenomenon is better seen in the
Fel line at 1564.85 nm (fourth bottom panel).

Having discussed the various contributions to the sensitivity of
Fe1630.25 nm and Fe 1 1564.85 nm to temperature, we summa-
rize below the main features of the RFs displayed in the upper
panels of Fig. 7:

1. The RFs are positive everywhere for the two lines. That is,
enhancements of the temperature always increase the emer-
gent intensity (in either the line, the continuum, or both),
regardless of the atmospheric layer where the enhancement
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occurs. This is due to the fact that the main contribution to
the RF is that associated with changes in the source func-
tion, which is always positive.

2. The visible line is sensitive to T perturbations from log 7. ~
0.5 up to ~—3.0 and the infrared line from log 7. ~ 0.8 to
~—1.5. Therefore, FeT 1564.85 nm is able to probe slightly
deeper layers than FeT 630.25 nm, but it does not react to
temperature changes in the mid-photosphere. The reason
was explained in Sect. 2.2.

3. The two lines are sensitive to T over a broader range of op-
tical depths than to any other atmospheric parameter (com-
pare Figs. 1, 3, and 5 with Fig. 7). The reason was explained
by del Toro Iniesta & Ruiz Cobo (1996): in LTE the source
function depends only on temperature, and so the first term
on the rhs of Eq. (2) is non-zero only for x; = 7. As a re-
sult, the RFs to temperature have the slowest trend to zero
with depth. This property makes it possible to obtain infor-
mation on temperatures in layers where no information on
other atmospheric parameters is reachable.

4. The infrared line is less sensitive to 7' than the visible line.

To understand the difference in sensitivity between visible and
infrared lines (item 4 of the list above) we apply again the phe-
nomenological model of Sect. 2.3. Differenciating Eq. (6) with
respect to 7', the RF of Stokes I to constant perturbations of T
can be written as

, 0A, 0Ay O0A; Ay 5
R = ——-|—+——U-24
71D aT {6T aT A?( 0)
—(1 = 10)*
Xexp| —————|, 20
p 242 (20)
with extrema at
f Ay 0Ay/O0T
a - _ + A 42— — 21
/lext AO+ 1 A08A1/8T’ ( )
2= A, (22)
A = e (23)

Here, A, stands for continuum wavelengths. At these locations,
the RF has relative maxima or minima:

) 0A, Ao 0A
Rri(le) = 77 = A, 0T
1 Ay 0Ao/dT
B 24
XXt S A, 9A T | @4
) 0A, Ao
Ry () = T " ar” (25)
, oA
R () = 5 (26)

Most neutral lines show the maximum value of the RF in the
line wing (A%,,). Very weak lines with optically thin cores have
the maximum at the central wavelength (A2,,). Finally, singly-
ionized lines show a minimum at the central wavelength whilst
A%, is complex (since the discriminant of Eq. (21) is negative).
The latter have, of course, their maxima on the interval bound-
aries, that is, at continuum wavelengths (Ag,,). In summary, if

we call Pt the maximum value of the RF for a given line, this
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Fig. 8. Maximum value of the integrated RF of Stokes / to T for the
lines of Table 1 vs. the wavelength of each transition. The sensitivities
have been evaluated in the quiet Sun (crosses), penumbral (circles),
and umbral (filled circles) models. Solid, dashed, and dotted curves
represent the partial derivatives of the continuum intensity with re-
spect to temperature (0A,/0T) in the quiet Sun, penumbral, and um-
bral models.

can be one of the three possibilities: Ry | (dgy)s R/T,l(/lte)xt)’ or
Ry (5.

In all three cases the maximum value of the RF to T is
determined mostly by the variation of the continuum intensity
with temperature, i.e., by dA,/dT. This can be demonstrated as
follows. Using the Eddington-Barbier approximation, we may
write

94y _9BAT(r = D]
or or ’

with B, the Planck function evaluated at the temperature of the
layer where 7, = 1. The three curves displayed in Fig. 8 repre-
sent the variation of dA,/dT with wavelength in the quiet sun,
umbral and penumbral atmospheres. We also plot in this figure
the maximum value of the integrated RF to T for the lines of
Table 1 in the same models. As can be seen, the term dA,/0T
accounts for most of the sensitivity of the lines to tempera-
ture, independently of the atmospheric model or wavelength.
Of course, a perfect match between the curves and the data
points is not to be expected, because the curves display only
one of the terms (the dominant one) contributing to the RF. It
is apparent from the figure that the sensitivity of the lines tend
to be smaller at longer wavelengths. This is because the deriva-
tive of the Planck function with 7' decreases with A for typical
solar temperatures, which explains why Fe 1 630.25 nm is more
sensitive to 7 than the infrared FeTI line at 1564.85 nm.

In Fig. 9 we consider all the terms contributing to the re-
sponse of Stokes I to T. Here we plot the maximum value of
the integrated RF to temperature perturbations for the lines of
Table 1 as a function of the parameter Pt (given by Egs. (24),
(25) or (26) as appropriate). Clearly, the phenomenological
model does an excellent job in explaining the sensitivities of
the various lines to temperature.

In general, the response of Stokes / to T is reduced in
the umbral model. The low temperatures of this model cause
smaller values of A, /0T (see Fig. 8) and consequently smaller
sensitivities. Consistent with our previous findings (cf. Fig. 7),

27)
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Fig. 9. Maximum value of the integrated RF of Stokes I to T for the
lines of Table 1 vs. the parameter Pr (see text for details). Quiet
Sun (crosses), penumbral (circles), and umbral (filled circles) atmo-
spheres have been used. The most sensitive lines, FeT 630.25 nm, and
FeT 1564.85 nm in these models are marked with dotted, dashed, and
dot-dashed lines, respectively.

FeI 630.25 nm exhibits larger sensitivities than FeT 1564.85
nm in all the models. Note, however, that the sensitivity of the
infrared line is different from zero. Hence, there is a measur-
able change in the profile that can be used to retrieve the ther-
mal structure of the photosphere. Figure 9 also shows that Fe 1
557.61 nm is the most sensitive line of our set, disproving the
general belief that Fe1557.61 nm does not react to temperature
changes.

5.2. Response of equivalent width to temperature

The equivalent width W of a spectral line is defined as

q-1
W= A1 -I)/L), (28)
i=1

where A is the wavelength sampling interval, I(4;) the intensity
at each wavelength, and /I, the continuum intensity. Some au-
thors (e.g., Moore et al. 1966; Gray 1992) use the change of W
with temperature as a diagnostic of the sensitivity of the lines
to temperature perturbations.

Figure 10 shows the RFs of W to T as a function of log 7.
for Fe1 630.25 (solid line) and Fel 1564.85 nm (dotted line)
in the quiet Sun model. Both curves are double lobed. As ex-
plained by Ruiz Cobo & del Toro Iniesta (1994), the shape of
these RFs results from the competition between K and S in the
final modification of W (cf. Eq. (2)). A positive lobe coming
from the derivative of S with respect to 7 dominates the behav-
ior of the RFs in the deep layers, indicating that temperature
enhancements in those layers increase the equivalent width due
to the availability of more photons to be absorbed. The neg-
ative lobe in higher layers corresponds to the derivative of K
with T, and implies a decrease of W after an increase in tem-
perature, i.e., a line weakening. Higher temperatures result in
less FeT atoms and, consequently, the equivalent width is re-
duced. Of course, since the same increase of temperature en-
hances the number of Fe II absorbers, lines like Fe 11 614.93 nm
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Fig. 10. Response function of the equivalent width to temperature per-
turbations for FeI 630.25 (solid line), Fe1 1564.85 nm (dotted line),
and Fe11 614.93 nm (dash-dotted line) in the quiet Sun model.

(dash-dotted line in Fig. 10) exhibit a positive lobe in mid and
high photospheric layers.

A comparison of the RFs of Fel 630.25 nm and
Fe1 1564.85 nm depicted in Fig. 10 reveals two additional fea-
tures: (a) the variation of W with T is larger for the infrared line
than for the visible line’; and (b) the equivalent width of the in-
frared line is sensitive to temperature perturbations in deeper
layers than the visible line.

According to our phenomenological model, the equivalent
width of weak spectral lines can be written as

I Ao A,
W = 1-—]di= V2 , 29
f( Az) Var A 29)
and so the derivative of W with respect to T is
W _ (LA, oA 1 04 0
or ~ VT " \AgaT T A oT Ay T

Therefore, as expected, variations of the equivalent width can
be produced by changes in the line depth, the line width, and/or
the continuum intensity. In Fig. 11 we plot the integrated RF
of W to T for the lines of Table 1 in the quiet sun, umbral
and penumbral atmospheres, against the parameter Py defined
above. Clearly, the phenomenological model succeeds in pro-
viding a good description of how the equivalent width reacts to
temperature changes.

In the quiet sun and penumbral models, the variation of W
with T is negative for all the Fel lines and positive for the
Fe1n lines. This indicates that absorption processes dominate
the behavior of W: temperature enhancements decrease the
number of neutrals and increase that of singly-ionized ab-
sorbers, i.e., the neutral lines are weakened and the singly-
ionized lines get strengthened. In the umbra, a few FeT lines
exhibit positive variations of W with T’; these lines have large
excitation potentials, so it is difficult to populate their lower
atomic levels in the cool umbral atmosphere. As a result,
0S/0T dominates over K /AT, which explains why these lines
become stronger after temperature enhancements.

7 R}, i.e., the integral of the RF of W to T with depth, is around
—0.09 for FeI 630.25 nm and —0.12 for FeI 1564.85 nm in the quiet
Sun model.
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Fig. 11. Integrated RF of equivalent width to temperature perturba-
tions vs. Py for HSRA (crosses), penumbral (circles) and umbral
(filled circles) model atmospheres.

Remarkably enough, Fe1 557.6 nm is the line showing the
largest change of W with T in the three atmospheric models
under consideration. This gives additional support to our claim
that Fe 1 557.6 nm can be used to infer the thermal stratification
of the solar atmosphere. Figure 11 also demonstrates that the
infrared FeI line at 1564.85 nm exhibits larger changes of W
than Fe1 630.25 nm in all models except in the umbra, where
the lower atomic level of the infrared line is not well populated.

6. Discussion

There are many ways to derive the physical properties of ste-
llar atmospheres from spectral line profiles, but the question
still remains which lines are best suited to retrieve a given
atmospheric parameter. We have addressed this question by
analyzing the response functions of a number of weak lines
commonly used in solar physics. Our analysis provides a better
understanding of the diagnostic capabilities of these lines.

Describing the shapes of Stokes I and V in terms of sim-
ple parameters (such as line widths and depths), we have been
able to explain why different lines exhibit different sensitivities
to the same atmospheric parameter (e.g., LOS velocities, mag-
netic field strengths or temperatures). By sensitivity we mean
the change of the intensity and circular polarization signal at
a given wavelength caused by a height-independent perturba-
tion of an atmospheric parameter. If the sensitivity is small,
the changes in the emergent spectrum may not be detectable
depending on the noise of the observations. Thus, it is always
advisable to select lines having large sensitivities to a given pa-
rameter, in order to ensure that the subtle variations it produces
in the spectrum are not buried by the noise.

6.1. Visible vs. infrared lines

The formation height of spectral lines depends primarily on the
excitation potential and oscillator strength of the atomic tran-
sition, together with the temperature of the atmosphere, rather
than on the central wavelength of the transition. Therefore, it is
not possible to draw general conclusions about differences be-
tween visible and infrared lines; each line has to be investigated
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separately. However, we have identified some trends that ex-
plain the peculiarities of many lines in the two spectral regions:

1. The thermal width of the lines (represented roughly by A)
increases linearly with wavelength. Therefore, the inten-
sity and circular polarization profiles of infrared lines are
broader, leading to a general reduction of the sensitivity to
LOS velocities and magnetic fields (in the weak field limit).

2. The ratio of Zeeman splitting to thermal width increases
linearly with wavelength. Thus, changes in the magnetic
field strength are much easier to detect in the infrared when
the field is sufficiently large.

3. In general, the excitation potential of infrared lines is
rather large, implying that high temperatures are necessary
to populate their lower atomic levels. As a consequence,
many infrared lines are not formed in the mid and up-
per photospheric layers, where the temperatures are low.
FeT 1142.23 nm is an exception to this rule. With an exci-
tation potential of 2.2 eV, this line is able to sample higher
atmospheric layers than Fe 1 630.25 nm.

4. Intensity contrasts induced by temperature fluctuations are
smaller in the infrared because the Planck function changes
less with T at longer wavelengths. This is the reason for the
lower sensitivity of infrared lines to temperature as com-
pared with visible lines. However, the variation of W with T
is generally larger for infrared lines, due to their broader in-
tensity profiles.

Since the continuum opacity reaches a minimum in the so-
lar photosphere at about 1.6 um, one could expect to obtain
extra information on deep layers by studying infrared lines
close to this wavelength. The detailed comparison between Fe I
630.25 nm and Fe T 1564.85 nm presented here shows that such
an extra information is not that significant except perhaps for
temperature: the deepest layer to which the infrared line is sen-
sitive is at most 70 km deeper than the corresponding one for
the visible line. The main advantage of the infrared, then, is not
in going deeper but in having a combination of large sensitivity
to magnetic fields and reasonable sensitivity to velocities in a
narrow range of layers. This allows for a good discrimination
of the different structures that may coexist in the resolution el-
ement as, for example, in the case of sunspot penumbrae.

Both visible and infrared lines have their strengths and limi-
tations. Simultaneous observations of the Sun in the visible and
infrared would certainly improve the diagnostic capabilities of
a single spectral range alone. This kind of observations are now
possible with the new generation of solar polarimeters, such
as TIP and POLIS, operated simultaneously at the Vacuum
Tower Telescope of Teide Observatory, and the Spectro-
Polarimeter for Infrared and Optical Ranges (SPINOR), to be
installed at the Dunn Solar Telescope of NSO/Sacramento Peak
Observatory (Socas-Navarro et al. 2005).

6.2. Temperature insensitive lines

One of the main results of this work is that lines considered to
be temperature insensitive do indeed show a significant tem-
perature dependence. FeI 557.6 nm belongs to this group of
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lines. In Rowland’s tables (cf. Moore et al. 1966), the equiva-
lent width of Fel 557.6 nm is mentioned not to change much
from the quiet sun to sunspot umbrae (two atmospheres with
rather different temperatures). This is probably the reason why
Fe1 557.6 nm is regarded as the prototype of temperature in-
sensitive lines by most solar physicists. Recent observations,
however, demonstrate that the equivalent width of this line is at
least 30% larger in the umbra than in the quiet sun (see Fig. 5
of Tritschler et al. 2004). The high spatial and spectral reso-
lution observations of Tritschler et al. are in agreement with
the results of this work, where we see that Fe1 557.6 nm un-
dergoes the largest change of equivalent width with 7 among
the various lines in the sample. Of course, there are other lines
not considered here that show larger temperature sensitivities.
Molecular lines are a good example: many of them show up
only in the cool umbrae, disappearing completely in hotter at-
mospheres due to the dissociation of the parent molecules.

Another line which is often quoted to be a poor diagnos-
tics of temperature is FeI 1564.85 nm. Our analysis shows
that, due to the smaller change of the Planck function with T
at longer wavelengths, the intensity profiles of infrared lines
are less influenced by temperature variations than visible lines.
In this sense, Fe1 1564.85 nm is indeed not as appropriate as,
e.g., FeT 630.25 nm for retrieving the thermal stratification of
the solar photosphere. However, FeT 1564.85 nm does react
to temperature perturbations, as demonstrated by Figs. 9 and
11. In particular, the change of the equivalent width of Fel
1564.85 nm with T is larger than that of Fel 630.25 nm in
the quiet sun and penumbral models.

6.3. Applicability

The calculations have been carried out in three model atmo-
spheres representing the conditions of sunspot umbrae and
penumbrae, as well as those of the quiet sun. For simplicity, we
have assumed constant (height-independent) magnetic fields
and LOS velocities in these models. Such an assumption has
allowed us to characterize the sensitivity of spectral lines to a
given atmospheric parameter by means of a single number (the
maximum value of the integrated response function across the
line profile). That is, our approach neglects possible variations
of the atmospheric parameters with height. Since we know that
vertical gradients exist in the solar atmosphere (e.g., in sunspot
penumbrae), it is important to discuss whether the results of
this paper would be applicable to atmospheres featuring gradi-
ents of the physical quantities.

The strength of our phenomenological model lies in that it
identifies the physical mechanism(s) responsible for the sensi-
tivity of spectral lines. The response to LOS velocities, for in-
stance, is determined by the sharpness of the intensity profile,
and this is true in any atmospheric model. Gradients of LOS ve-
locity do modify the shape of Stokes I but, unless they are very
strong, the intensity profile can always be described reasonably
well by a gaussian (with different parameters, of course). Thus,
a preliminary selection of lines can be done by means of the
recipes obtained in this work. In the real sun, the sensitivities
of the lines will be different from those predicted by our model,
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but they will differ by the same factor for all the lines. Hence,
Fe1524.71 nm will always be the most sensitive line of our set
to LOS velocities, even if the atmosphere features variations of
this quantity with height. The same applies to the response of
the lines to other atmospheric parameters.

At this point it is important to recall that the sensitivity of
spectral lines to LOS velocities and magnetic fields is deter-
mined by the shape ratios of Stokes / and Stokes V. The shape
ratio measures the slope of the corresponding Stokes profile.
This quantity can be significantly modified by the instrument
used to take the observations. In fact, spectrographs or spec-
tropolarimeters with poor spectral resolutions may degrade the
diagnostic potential of the lines by broadening their intensity
and circular polarization profiles. In other words: the same lines
may show different sensitivities when observed with different
instruments or telescopes. This fact is often disregarded.

6.4. The most sensitive lines of the set

The sensitivity of spectral lines depends on the values of the
physical parameters of the atmosphere where they are formed.
Hence, lines which are universally the most sensitive to a given
parameter regardless of the model atmosphere do not exist.
Anyway, one can identify for each atmospheric quantity some
spectral lines in Table 1 which have a high response:

— If one is interested in retrieving temperatures from line pro-
files, Fe1 557.61 nm, FeI 525.02 nm, and FeI 524.71 nm
display quite large changes after subtle modifications of the
temperature.

— As explained in Sect. 6.1, infrared lines usually exhibit
lower sensitivity to LOS velocity as compared with the vis-
ible lines. Therefore, the lines with better response to vy og
are usually in the visible part of the solar spectrum. In
fact, the most sensitive lines of our set are Fe1 524.71 nm,
Fel 525.02 nm, and NiI 676.70 nm. On the other hand,
LOS velocities are often estimated from measurements of
line bisectors. Magnetically insensitive lines (geg = 0) with
a low response to temperature perturbations are then ad-
visable. In this case, one should prefer Ni1 491.21 nm,
Fe1709.04 nm, or Fe1 569.15 nm.

— Stokes V from Fel 1142.23 nm, Fel 525.02 nm, and
FeT 1564.85 nm show the largest reaction to field strength
modifications in the strong field regime. In the weak field
regime, FeI 1142.23 nm and FeI 525.02 nm are also the
most sensitive lines of the set.

7. Summary

We have characterized the response of weak spectral lines to
LOS velocities, magnetic fields, and temperatures by means of
their response functions evaluated in three model that represent
the conditions of the quiet sun, sunspot umbrae, and penum-
brae. In addition, we have developed a simple phenomenologi-
cal model that is able to predict the response of any weak line
to these atmospheric parameters. Thus, for the first time, we
have at our disposal simple rules to select the most appropriate
line for the problem we are interested in.



D. Cabrera Solana et al.: Sensitivity of weak spectral lines

Not surprisingly, the response of Stokes / to LOS velocities
increases with both the sharpness of the profile and the wave-
length. In general, visible lines show higher sensitivities than
infrared lines because their intensity profiles are sharper.

The response of Stokes V' to magnetic field strength is for-
mally the same in the strong and weak field limits, because it
depends on the sharpness of the Stokes V or Stokes I profiles,
as well as on the amount of Zeeman splitting. The strong varia-
tion of the Zeeman splitting with wavelength usually compen-
sates for the broader profiles of infrared lines, making them the
lines of choice for determining magnetic field strengths.

We have shown that the main contribution to the sensitivity
of Stokes / to temperature is the variation in the source func-
tion with 7, and that opacity changes play a less important
role. Since variation of the Planck function with 7 is smaller
at longer wavelengths, infrared lines are less affected by tem-
perature perturbations than visible lines. However, they show a
large modification of the equivalent width with 7'.

Our set of lines includes some lines that are often quoted to
be temperature insensitive, such as FeT 557.61 nm. We have
demonstrated that this line in particular exhibits the highest
temperature sensitivity among the various lines considered in
this work. In fact, one cannot speak of temperature insensi-
tive lines: even if the absorption does not change much after
temperature variations, the source function will always change,
leading to detectable effects in the emergent spectrum.

Ideally, one would like to use a spectral line that shows very
high sensitivity to all atmospheric parameters at the same time,
but this line does not exist. Visible and infrared lines have both
advantages and limitations. It is desirable, then, to combine
different lines in order to characterize the physical properties
of the solar atmosphere more reliably. Simultaneous observa-
tions of visible and infrared lines are now possible in several
telescopes, and this will undoubtedly open a new era of solar
physics research.
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Appendix A: Tables
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Table A.1. Weak line model parameters and their derivatives for the quiet Sun model. Ay and A; are the residual intensity and the width of
Stokes / in the absence of magnetic fields, while A; is the continuum intensity. Ay and A} are the amplitude and width of the Stokes V lobes in

the strong field regime. Aj and Aj are the depth and the width of Stokes [ in the weak field approximation (B = 200 G).

Species Ag[nm] Ay A [pm] Ay  0A¢/OT [K™'] 0A/OT [pm/K] 0A,/0T [K™'] A Al[pm] A, A [pm]
Nil 491.20 054 2.72 1.00  +126x107* -527x107* 6.95 x 107 0 0 0 0
Fe1 52471  0.79 3.13 1.00  +6.73x 1073 -1.16 x 1073 6.70x 107*  0.39 3.12 0.76 3.17
Fe1 525.02 0.78 3.11 1.00  +5.12x 1073 -1.13x 1073 6.70x 107 0.39 3.10 0.76 3.20
Fe1 53796  0.63 3.17 1.00  +1.04x 107 -7.39 x 107 6.61 x 107 0.26 2.47 0.63 3.18
Tin 538.10  0.57 3.21 .00  +5.36x107* +1.24 x 1074 6.61 x 107 0.22 2.45 0.56 3.23
Fe1 557.61  0.80 5.32 1.00  +4.52x107* -4.78 x 1073 6.62 x 107 0 0 0 0
Fe1 569.15 047 3.24 1.00  +2.23x 1073 -7.80x 1074 6.40 x 107 0 0 0 0
Fe 11 61493 041 3.70 1.00  +5.70x107* ~7.80 x 1073 6.09x10™*  0.19 3.23 0.40 3.74
Fe1 617.33  0.65 3.61 1.00  +9.69 x 1076 -8.85x 107 6.08 x 107 0.32 3.59 0.63 3.71
Fe1 630.25  0.68 4.61 .00 +2.10x 107 -2.44 %1073 6.06 x 107 0.33 4.40 0.66 4.72
Fe1 630.35 0.06 3.17 1.00 -2.57x1073 -3.59x 1074 5.99x10™*  0.03 2.97 0.06 3.22
Ti1 630.38  0.09 3.13 1.00 -1.54x107* -5.92x 1073 599x10™*  0.03 3.03 0.09 3.16
Ni1 676.78  0.72 4.49 .00 +1.79 x 107* -1.16 x 1073 5.74 x 1074 0.35 4.15 0.7 4.53
Fe1 709.04  0.50 4.17 .00 +2.59 x 1073 -9.06 x 107 5.54x 107 0 0 0 0
Fe 11 722.45  0.15 3.83 .00 +3.15x 107 -2.99 x 107* 5.45%x 107 0 0 0 0
Si1 1062.76 044 1124 100 +2.54x107™* —-6.55x 1073 424 %107 0.21 1089 043 1145
Fe1 1089.63  0.31 5.74 .00 -191x107* -8.52x 1074 396x107*  0.15 5.72 0.29 5.99
Fe1 114223 0.54 7.42 .00 -5.95x107° -2.44 %1073 3.77x 1074 0.27 8.42 0.51 7.81
Fe1 1221.33  0.12 6.77 1.00  —4.59 x 107 -1.84 x 1073 3.39x 1074 0.06 6.74 0.10 7.84
Fe1 1558.83  0.31 11.66 1.00  +3.87x107° -8.36x 1073 1.89 x 107* 0.16 11.33 0.30 12.32
Fe1 1564.85 0.31 1095 1.00 -5.26x1073 —-6.85x 1073 1.84x 107*  0.16 1083  0.26  13.80

Table A.2. Same as Table A.1, for the penumbral model.

Species Ag[nm] Ay A [pm] A,  0A¢/OT [K''] 0A/OT [pm/K] 0A,/0T [K™'] A Al [pm] A, A [pm]
Nil 491.20 046 2.49 0.83 +1.74x10™* -4.88x 1074 6.34 x 107 0 0 0 0
Fe1 524771  0.70 3.00 0.85 +1.74x10™* -1.27x 1073 6.20x107*  0.14 2.00 0.69 3.04
Fe1 525.02  0.69 2.98 0.85 +1.62x107™* -1.25x% 1073 6.20 x 107 0.18 2.14 0.67 3.06
Fe1 537.96  0.56 2.95 0.86 +1.50x107* -7.25x 107 6.16 x 107 0.07 2.00 0.56 2.96
Tim 538.10 043 2.94 0.86 +4.99x 10~ +2.18 x 1074 6.15x10™*  0.06 2,04 0.48 2.95
Fe1 557.61  0.68 5.21 0.86 +4.51x10™* -4.42 %1073 6.25x 107 0 0 0 0
Fe1 569.15 043 2.98 0.87 +6.58x 107 -7.25x107* 6.02 x 107 0 0 0 0
Fe 11 61493 0.34 3.34 0.88 +5.49x 107 +7.38 x 1073 5.80 x 107 0.04 2.81 0.33 3.38
Fe1 617.33  0.60 3.40 0.88 +7.87x107° -9.41x 107 5.80 x 107 0.15 2.56 0.58 3.50
Fel 630.25 0.61 441 0.88 +2.44x107* -2.24 %1073 5.82x107*  0.14 2.89 0.60 4.53
Fe1 630.35 0.06 2.82 0.89 -1.85x107° -3.09x 1074 572x10™%  0.01 2.53 0.05 2.88
Ti1 630.38  0.10 2.80 0.89 -1.59x%x10™* -5.93x 1073 572x 107 0.01 2.42 0.10 2382
Ni1 676.78  0.66 4.32 090 +2.18x107* -1.11x 1073 5.55x 107 0.10 2.57 0.65 436
Fe1 709.04 047 3.87 090 +6.79 x 1073 -8.43x 107 5.38x 107 0 0 0 0
Fe 11 72245  0.12 3.43 091 +2.87x10™* -2.28x 1074 5.30 x 107 0 0 0 0
Sit 1062.76 039  10.60 092 +2.62x107™* -4.36 x 1073 421x10™*  0.07 7.27 039 11.03
Fe1 1089.63  0.31 5.25 093 -1.56x107* -8.98 x 107* 3.92x 1074 0.07 4.72 0.29 552
Fe1 1142.23  0.51 7.13 093 -6.35x107% -2.49 %1073 3.78 x 1074 0.14 5.73 0.48 7.53
Fe1 1221.33  0.11 6.14 0.93 -3.06x 107 -1.61x 1073 3.44x 1074 0.02 5.98 0.10 737
Fe1 1558.83 0.26  11.07 091 +5.16x 1073 -7.21x 1073 225x107*  0.06 8.98 026 12.01
Fel 1564.85 0.28 1041 092 +4.04x 1077 -6.22x 1073 221x107*  0.06 9.58 022  13.67
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Table A.3. Same as Table A.1, for the umbral model.

Species Ao[nm] Ag A [pm] A, AT [K'] 0A, /AT [pm/K] 0A/0T [K'] AY  AV[pm] A, A [pm]
Nil 49120 0.8 290 030 +3.02x10*  -7.37x10™* 324 x 107 0 0 0 0
Fel 52471 033 453 032 +373x10* 3261073 334x10% 015 356 033 456
Fel 52502 033 446 032 +371x10*  -3.09x 107 334x10% 016 396 033 453
Fel 537.96 025  3.64 033 +328x10*  -1.22x107 334x10% 009 255 025 3.5
Tin 538.10 0.16 294 033 +344x10%  -238x 10 333x10% 007 221 016 295
Fel 557.61 026 1031 033 +3.15x10%  —1.07x 1072 3.37x 107 0 0 0 0
Fel 569.15  0.19  3.69 034 +3.13x10*  —1.66x 107 3.39x 107 0 0 0 0
Fem 61493 004 345 036 +1.65x10%  —9.09x 10~ 343x 10 002 296 004 349
Fel 617.33 031 423 036 +337x10%*  -120x 107 345x 10 015 398 031 432
Fel 63025 027  6.66 037 +341x10*  -550x 1073 345x 104 012 520 026 676
Fel 630.35 0.04 308 037 +8.68x10°  —136x107 345x 10 002 289 004 3.14
Ti1 63038 029 329 037 +135x10*  -1.62x107 346x 1074 012 296 029 331
Ni1 676.78 034 515 039 +341x10*  —1.58x107 350x 10 015 421 034 519
Fel 709.04 023 454 040 +321x10*  —1.43x107 3.49 x 107 0 0 0 0
Femr 72245 001 388 041 +483x10°  —1.22x107 3.48 x 107 0 0 0 0
Si1 1062.76  0.14 1294 052 +294x10*%  —931x1073 3.18x 10 006 1084 0.3  13.06
Fel  1089.63 025 613 053 +267x10% —143x1073 32010 012 597 024 637
Fer 114223 038 947 054 +299x10*  —-569x 1073 3.18x10% 019 970 036  9.89
Fel 122133 008 778 057 +1.89x10%  —7.02x 107 208x 10 004 761 007 889
Fel 155883 021 1775 070 +271x10% -192x102  200x10* 0.10 1494 020 18.10
Fel 156485 024 17.14 070 +289x10*  —1.88x 1072 1.98x 107  0.12 1599 021 1931




