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Abstract
Interstellar extinction and reddening are inescapable sources of uncertainty
in the study of astronomical objects. Many creative ways to measure its effects
have been developed, two of them being evaluated in this study. I apply two
recently improved methods to estimate extinction toward individual stars, one
based on interstellar absorption of sodium and the other based on opacity
maps of the interstellar medium. The methods are applied to 14 stars in the
local neighborhood, all within a distance of 250 pc from the Sun, and their
results are compared. I find that both methods have severe limitations and
large uncertainties, but can still be useful under the right conditions. I also
provide suggestions on how the methods can be improved.

Sammanfattning
Interstellär extinktion och rödfärgning är oundvikliga osäkerhetskällor i
studiet av astronomiska objekt. Många kreativa sätt att mäta dess effekter har
utvecklats, av vilka två utvärderas i denna studie. Jag tillämpar två nyligen
förbättrade metoder för att uppskatta utsläckning mot enskilda stjärnor, en
baserad på interstellär absorption av natrium och den andra baserad på
opacitetskartor över det interstellära mediet. Metoderna tillämpas på 14
stjärnor i solens närområde, alla inom ett avstånd av 250 pc, och deras resultat
jämförs. Jag finner att båda metoderna har allvarliga begränsningar och stora
osäkerheter, men ändå kan vara användbara under rätt förutsättningar. Jag
ger också förslag på hur metoderna kan förbättras.
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1

Introduction

Astronomers study stars by measuring and analyzing the light they radiate. When
this light travels through distances in the order of light-years, some of the original
light will be absorbed and scattered by the interstellar medium (ISM), i.e. clouds
of low-density gas and dust in the vast space between the star systems. This
phenomenon is known as extinction of the light and is the cause of one of the greater
uncertainties in measurements that astronomers have to handle. Unlike a cloudy day
here at Earth, it is not obvious if the star you want to study lies behind a cloud or
not, since the clouds in space do not give off any visible light and are of such low
density that some of the light passes straight through. If you can not estimate how
much of the light from a star is being blocked on its path to Earth, how then can
you determine the true brightness of the star?
Despite this seemingly hard problem, astronomers have developed plenty of tools
when it comes to measuring extinction, but no single method is superior in all
circumstances. Therefore one general problem is to figure out when to use what
method by evaluating and comparing the methods against each other. I will do just
that for two methods used to estimate the extinction for individual stars.
The goal of my project is to apply Poznanski’s (2012) sodium doublet method on
a series of nearby stars and compare the extinction data from it with that of another
method. This other method is based on 3D-mapping of the interstellar medium in
our neighborhood (Lallement et al., 2014), from which one can approximate the
extinction from different regions of our galaxy.
The two sets of results and their uncertainties can thus be compared to see how
they match up with one another and how consistent each method seems to be. I
will also discuss the main differences between the two methods and under what
conditions one method gives better results than the other.
The result of this project will be an evaluation of the Na-doublet method and the
3D-mapping method. If their values of the extinction agree, we can be confident in
their use to derive extinction form individual stars. Other factors than accuracy can
also be evaluated, such as time-usage, ease of use and applicability to specific cases.
If, on the other hand, there should be significant differences between the methods it
may signify flaws in one or both of the methods, which can then be improved upon.
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2.1

Background
Extinction

The brightness of an astronomical object is measured in magnitudes, and so is
the extinction since it is defined as the difference between the observed magnitude
of a star and the true magnitude if it could be observed during ideal conditions,
that is without any interference from the ISM. A problem with this definition is
that the extinction is not constant when measured through different wavelengthfilters. Therefore extinction is often measured for small wavelength-intervals called
3

photometric bands. Then instead of talking about the total extinction over all
wavelengths we can talk about extinction in say just the visual band, denoted AV .
Extinction can be thought of as the result of two different processes, absorption
and scattering. Both processes occur when light interferes with particles in the ISM.
The dust in the ISM is composed of heavy elements aggregated into grains and make
up only about 1 % of the mass (Chaisson & Steve, 2013), the rest being lighter gas.
However, it is the dust which is mainly responsible for interfering with light in the
visual spectrum, since its size is comparable to the wavelength of the light.
When light is absorbed, all of a photon’s energy is absorbed by a grain of dust,
while scattering refers to the photons being re-directed out of the line of sight from
the star to the Sun. Absorption can happen as long as the size of the grain of dust
is larger than the wavelength of the light, while scattering is most likely to happen
when the size of the grain of dust and the wavelength of light is similar. Since blue
and ultra-violet light has shorter wavelength than redder light, bluer light will be
absorbed by a larger number of particles. This causes an effect known as reddening,
referring to the fact that light passing through the ISM appears redder than expected.
The reddening can be measured by calculating the color excess of the light as
E(B − V ) = (B − V ) − (B − V )0 = (B − B0 ) − (V − V0 ) = AB − AV
Where AB and AV are the total extinctions in the blue (440 nm) and visual (550 nm)
photometric bands respectively, measured in magnitudes, B-V is the color index and
the 0 denotes intrinsic values. This relation can be used to find a simple relationship
between the color excess and the extinction in the visual spectrum in the following
way
E(B−V ) = AB −AV = AV



−1

AB
AB
− 1 ⇒ AV = E(B−V )
−1
AV
AV




≈ 3.1E(B−V )

Where the last step is based on empirical measurements (Whittet & Van Breda,
1980) and is only valid within the Milky Way, since other galaxies have different
extinction laws. However, for this project we can use this linear relationship between
the color excess and the extinction and I will therefore use the color excess as my
main parameter of interest for the rest of this thesis.
Over time we have learned how to calculate the effect of extinction and reddening
and compensate for it through the use of various methods. These include photometric,
spectroscopic, model-based and empirical methods and are suitable under different
conditions. The most common method to measure extinction uses the fact that
extinction does not affect the shape of the absorption line spectrum of a star. By
studying the spectra the star can be classified and compared with other stars of the
same type whose extinction is known to be negligible. The reddening can then be
determined by comparing the measured color of the star to the intrinsic color given
by the spectral classification.
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2.2

Spectroscopy

Spectroscopy is the study of the interaction between radiation and matter and is
one of the most useful methods in the study of astronomical objects. It allows
us to extract information from a light-source, such as its temperature, chemical
composition and distance from Earth to name a few. All of this is possible because
of the quantum mechanical interactions between photons and atoms, in which an
atom can become excited only by absorbing photons of distinct amounts of energy
(wavelengths). This gives rise to absorption lines in the spectra corresponding to
these exact wavelengths. When studying the spectra of a star, a large amount of
these lines will be found, being produced by the absorption of photons from the
different kinds of atoms and molecules interacting with the light on its way from the
star to the observer. These particles may be located in the stars photosphere, in the
ISM or even in the Earth’s atmosphere (telluric lines).
The absorption lines of interest in this project are the sodium doublet lines, seen
at a wavelength of 5890 Å (D2 ) and 5896 Å (D1 ) respectively (figure 1). They
occur when an electron in the sodium atom gets excited from the 3s-shell to the
3p-shell, and the fine-splitting between the D1 and D2 lines is caused by the spin-orbit
interaction. The detailed analysis of these absorption lines requires stellar spectra
λ
≈ 50000 or
observed at sufficiently high resolution, a rough estimate being R = ∆λ
higher. Plenty of such observations have been made in recent years and are available
from public databases for anybody to use.

Figure 1: Absorption spectrum showing lines from some common elements in the
visual spectrum. Picture from ChemWiki, http://chemwiki.ucdavis.edu/@api/deki/
files/27813/=1c6d27a73443b05b3de40bc49186d18b.jpg

2.3

The Na-doublet method

It has long been known that there exists a correlation between the amount of
extinction and the equivalent width (EW) of interstellar Na-lines in the spectra from
astronomical objects. The EW is a way to measure the area of a line in a spectrum.
It is the width of a rectangle with a height equal to the continuum level so that
the rectangles area is equal to the area of the spectral line. The more light gets
5

absorbed by sodium, the bigger the EW will be, and surprisingly the amount of a
single element such as sodium allows us to estimate the total amount of gas and
dust, and thus the color excess, although with rather large uncertainties.
One of the most recent contributions to this method was made by Poznanski et
al. (2012). They studied the correlation between EW and color excess within the
Milky Way and found the following empirical law describing the relationship between
E(B-V) and the EW of the Na-lines, where the EW is measured in units of Å.
log10 (E(B − V )) = 2.16 · EW (D2 ) − 1.91 ± 0.15.

(1)

log10 (E(B − V )) = 2.47 · EW (D1 ) − 1.76 ± 0.17.

(2)

.
They studied spectra from extra-galactical sources such as quasars and galaxies
and measured the EW of the sodium lines being created when passing through the
ISM in our galaxy. They then compared these values with E(B-V)-values from the
maps of Schlegel, Finkbeiner & Davis (1998). These maps were made by measuring
the infra-red light sent out by cooling dust which in turn gave the distribution of dust
in our galaxy. Such maps are excellent for determining the reddening of extra-galactic
light, but are of little value when studying objects within the Milky Way. However,
the relationship found by Poznanski should be valid for any light-source, and I
will test its usefulness when studying stars in the solar neighborhood, where the
extinction is several orders of magnitude smaller than on the galactic scale.
Since stars contain sodium too, the interstellar Na-lines will not be the only
Na-lines in the spectra. In fact, most stars have sodium lines, but only stars whose
light passes through a cloud will have an interstellar component as well. These lines
are in general much weaker and can be seen as a small appendix on the broad stellar
Na-line. To identify them, we are helped by the fact that we have two lines that we
can compare. Both the interstellar D1-line and the D2-line will be Doppler shifted
by the same amount due to the relative velocity between the star and the cloud. If
two lines are found to have the same Doppler shift from the stellar Na-lines, it is a
robust indication that a pair of interstellar Na-lines have been found.
The authors point out a few possible problems when using their relation, one
of them being contamination from atmospheric sodium (Poznanski, Prochaska, &
Bloom, 2012). This problem can be avoided if telluric lines are removed during the
data reduction process. Further, the extinction could be caused by circumstellar
dust instead of interstellar dust, which may be composed differently. However,
circumstellar dust is expected to be found mainly around young, early-type stars.

2.4

The 3D-mapping method

Three-dimensional maps of the ISM are useful for understanding the large-scale
structures in our galaxy and can also be used to estimate extinction toward a fixed
point in space, by assuming that the dust opacity is proportional to the color excess.
Lallement et.al (2014) have produced such a map of the local neighborhood, in a
6

volume centered around the Sun that extends 2000 pc in the plane of the Milky Way
and up to 300 pc vertically above and below the plane. They used cataloged data
from over 20000 nearby stars whose distance and reddening are known and inverted it
to create an opacity distribution of the dust in the ISM. By applying a color-scale to
the opacity, the structure of the ISM can then be visualized. The original reddening
data comes from four datasets, mainly using photometric methods.
Since 3-D models are difficult to present in a paper, the authors instead showed
a series of 2-D planes of their data. For stars whose location is close to such a plane,
the maps can be used to estimate a value of the extinction, which is what I will try
to do for some stars previously measured with the Na-method, or in the authors’
words:
“The map can be used to estimate the total reddening toward a target
contained in the represented plane, by using the color scale and the
Sun-target trace on the map.” (Lallement et al., 2014).
The maps use the galactic coordinate system, which measures all coordinates in
degrees. The galactic longitude, denoted l, measures the angle from the Galactic
center, along the equator which lies in the Galactic plane. The galactic latitude,
denoted b, measures the angle north or south of the equator, with the northern
direction defined as the positive one. To specify the location of a star, the distance
is required as well.

3
3.1

Method
Selecting the stars

My criteria to find suitable candidates among cataloged stars are that the stars should
be located in the local neighborhood (up to 1-2 kpc from Earth) and their spectra
be measured with high-resolution spectroscopy where the Na-doublet lines can be
identified and measured. Since the two Na-lines lie very close to each other, the
method is not useful for low-resolution spectra where the lines cannot be separated
(Poznanski, Ganeshalingam, Silverman, & Filippenko, 2011).
The spectra was taken from two databases, namely The Gaia FGK Benchmark
Stars (Blanco-Cuaresma, Soubiran, Jofré, & Heiter, 2014; Heiter et al., 2015) and the
FGK Stars Spectral Library (Luck & Heiter, 2007; Luck, 2015). My main dataset
will be The FGK Stars Spectral Library, an online library hosted by the CWRU
Astronomy Department which contains more than 1500 spectra with R ≈ 60000. Out
of these I have analyzed the 730 spectra from stars classified as giants. The second
database will be used to validate the use of the main one, since it includes a spectra
of a star also present in the main database, with twice the resolution (R ≈ 115000).
The details of this comparison can be found in section 4.1. The spectra from both
libraries can be downloaded in a format where continuum normalization has been
applied.
7

3.2

Analyzing the spectra and applying the Na-lines method

The first step of the process was to find the spectra containing signs of interstellar
lines from the original 730 ones. To have a better chance of finding relevant spectra
I used Simbad (Wenger et al., 2000) to gather more information about each star.
I then excluded all stars closer to us than 90 pc, to increase the chance of the
light interacting with the ISM. The stars were then sorted according to apparent
magnitude and the 100 brightest were downloaded and studied in detail.
To look for signs of interstellar lines, the software system IRAF (Image Reduction
and Analysis Facility) was used to plot both the D1 and D2 lines overlapping in
the same spectra. For all spectra the two Na-lines originating from the star itself
can be seen clearly. Any interstellar line is expected to be narrower, less intense
and Doppler shifted due to the relative velocity between the star and the cloud. If
two narrow lines are seen, close to the stellar D1 or D2 line, and Doppler shifted by
the same amount for both lines, they are good candidates for interstellar lines. An
example can be seen in figure 2 below. Note how there are other lines present, but
only one pair with the same Doppler shift.

Figure 2: Interstellar lines for 7 Psc. The graph shows intensity as a function of
relative velocity, with a strong interstellar line seen at -40km/s.
After analyzing the first 100 spectra, only seven showed signs of interstellar
components, which made me re-evaluate my approach to finding candidates. To
get a good dataset I would need to look through a lot of spectra, and instead of
the time consuming IRAF-analysis I wrote a script in MatLab that did the same
thing as an automated process. This method was used to generate similar line-profile
plots as the one above for all 730 spectra, which after analysis resulted in around
8

70 promising candidates. A more careful analysis of these were made using IRAF,
which is admittedly better suited for the process than MatLab. The reason for only
10% of the stars showing signs of reddening can be explained by their short distances
to the Sun, with a majority of the stars closer than 150 pc.
The next step was to calculate the EW for all of the D1 and D2 lines. IRAF does
this by fitting line profiles to the spectral lines chosen by the user and calculating
the best fit. The contribution of the stellar photospheric lines must be taken into
account, and this can be done by fitting a combination of Voigt and Gaussian line
profiles with multiple components. Different line profiles are used for different kinds
of line broadening, i.e. processes which broadens the absorption lines, such as for
example Doppler broadening or collisional broadening.
In an example below (figure 3) one can see how four lines have been marked,
the strong stellar D2 line, the interstellar D2 to the left and two other unknown
contributions to the right. A Gaussian line profile is used for the interstellar line,
a Voigt profile for the stellar line and either Gaussian or Voigt profiles depending
on the shape for the others. The measurement we are interested in is of course the
interstellar line, but to get as good a measurement as possible it is important to
include other major lines as well.

Figure 3: The D2 line for 7 Psc. Four line profiles are used to calculate the EW of
the interstellar line, equal to 0.11 Å in this case.
The data saved was the EW for both lines and also the exact wavelength of
the center of the lines. The wavelength can be compared to that of the stellar line
and the Doppler shift calculated. I used this to check that the two lines are indeed
9

shifted by the same amount. From the EW the color excess could then be computed
according to the empirical relationship of Poznanski (equation 1, 2).
For our example in figure 3, the color excess of the star 7 Psc, calculated from
the D2-line is
E(B − V ) = 102.16·0.11Å−1.91±0.15 = 21.3+8.7
−6.2 milli − mag
As equation 1 and 2 are expected to yield the same value for E(B-V), the mean
of the two values will be used as the final result. The uncertainties will be taken to
be the largest ones from the two calculations.
After measuring the EW of the 70 spectra, a first inspection was made and some
of the candidates were found to be unfit for further analysis. The reasons varied
between factors such as other lines interfering with the Na-lines, odd continuum
placement, too weak lines or differences in Doppler shift. In total 53 spectra remained
where five only had their D1-lines measured, since the D2-line was more difficult to
measure in general.

3.3

Improvements in equivalent width measurement

The method implemented in IRAF for measuring the EW is not entirely correct
when applied to interstellar lines, a realization that prompted re-measurement of
the EW for the 14 stars that were later measured in the 3D-maps. The improved
method was not applied to all 53 spectra due to time constraints. Instead of adding
the flux for all the lines, the interstellar lines should be multiplied with the stellar
ones. Another way to explain the difference is that when the fluxes are added, the
interstellar line is assumed to be produced from the same continuum level of flux,
this is however not the case since the intensity of the light that passes through
the ISM has already been decreased by absorption in the star itself. Therefore the
continuum level for the interstellar lines should be adjusted to the amount of flux
after all the stellar lines have been formed, and not the amount being produced in
the star before any absorption is possible. Since the EW is proportional to the size
of the continuum, the improved method is expected to give larger values for EW
when the stellar component of the continuum is removed. To do this in IRAF, the
stellar component can be removed by dividing the spectra with a line-profile fit to
the stellar line. After this, the EW can be measured toward the new continuum.
The process for the star 7 Psc can be seen in figure 4.

3.4

The 3D-map measurements

One of the many two-dimensional slices of the 3D-map is seen in figure 5. It shows
the opacity distribution in the Galactic plane, where the red regions can be thought
of as empty space and the violet regions as the densest parts of the clouds of the
ISM. As we can see, this map extends outward up to 1000 pc, which covers a bigger
area than the one in which I have made my measurements, where most stars are

10

Figure 4: The spectra of 7 Psc before and after division with the stellar component.
located within 200 pc from the Sun. One can also see the so called Local Cavity
(LC) which is a large empty region of space surrounding the Sun.
In their paper the authors only provide 14 two-dimensional slices of their threedimensional map, a limitation that means that most of the stars in my dataset
cannot be measured, since their location deviates too much from any of the maps.
I therefore allowed for a 2◦ -deviation from the plane of the maps, allowing me to
measure 14 of my 53 data-points.
11

Figure 5: Fig.1 of Lallement et al. (2014). Opacity distribution of the Galactic plane
of the local neighborhood. The Sun is located at the origin and the Galactic center
direction is to the right. The opacity of the ISM increases from red to violet.
The color scale has the units mag/pc and can be used to calculate the color
excess. To calculate the color excess of light originating from a certain location in
space one must integrate the opacity (color) along the line of sight from the Sun to
that pair of coordinates. It can be thought of as first calculating the average opacity
along the line of sight and then multiplying that value with the distance to get the
color excess. The optimal method to do this would be to let a program assign a
value from the color scale to each pixel and then add all the pixels from the Sun to
the star whose color excess is to be measured. However, making such a program lies
beyond the scope of this project, so I resorted to making the measurements myself
and had to rely on visual comparison of the colors in the map with the scale. Also I
did not measure every pixel individually, but instead divided the line of sight into a
number of segments of similar colors and assigned an average value for every such
segment. This is probably the way the maps would be used if someone wanted to
estimate a value of the extinction for a star without too much work. An example of
my own measurements is presented below to further clarify the process.
A good example to describe my method is the star Omi Crb. It is located at
galactic coordinates l = 46.21◦ , b = 57.33◦ , at a distance of 82.78 pc from the
Sun. The most suitable 2D-map is the intersection of the Galactic plane along the
12

longitude 45/225◦ . To place Omi Crb on this map its co-ordinates must be converted
to the scale of the picture. Using the fact that 400 pc corresponds to 557 pixels we
get a scaling factor of 557/400 = 1.3925 pixels/pc. This makes the distance expressed
in pixels 82.78 pc·1.3925 pixels/pc= 115.27 pixels. From this information we can
calculate the star’s position measured in pixels. If we let x be the number of pixels
in the x-direction and y the number of pixels in the y-direction we get the following
system of equations to solve.
q

x2 + y 2 = 115.27

arctan(y/x) = (57.33 · π)/(180)
which has the solutions x = 62.2 pixels, y = 97.0 pixels. This point can be seen
in figure 6, as well as the line of sight from the Sun to the point.

Figure 6: Adapted from Fig.5 of Lallement et al. (2014). Part of the map used for
calculating the reddening of Omi Crb.
The next step in the calculation is to divide the line of sight into a number of
segments with similar colors. In this case I divided it into four segments, corresponding
to the black and white parts of the line of sight. Measuring the length of each segment
gives 28 pixels in the red area, 43 pixels in orange, 15 pixels in yellow and 30 pixels
in green. Using the color scale I then assigned each segment a number from the
scale. Red= 0.05 · 10−3 , orange= 0.15 · 10−3 , yellow= 0.25 · 10−3 , green= 0.4 · 10−3 .
Remembering that the total number of pixels was 115 we can now calculate the
average color-value for the line of sight as follows:
Colorvalue = (0.05 · 28 + 0.15 · 42 + 0.25 · 15 + 0.4 · 30)/115 = 0.2039 · 10−3
13

The last part of the process is calculating the color excess, which is simply the
color-value times the distance.
E(B − V ) = 0.2039 · 10−3 mag/pc · 82.78 pc ≈ 0.017 mag = 17 milli − mag.

4

Uncertainties

In all of my measurements the results to some extent relied on visual inspection of
the line-profile graphs in IRAF, and of the colors in the opacity maps. This means
that my own ability to judge how well spectral lines overlap or to read color scales is
part of the uncertainty in the measurements. The sample size is small because only
14 stars of the original 730 stars could be measured reliably with both methods, most
of them because they simply were not reddened due to the proximity to the Sun.

4.1

The Na-method

Since the star 7 Psc was found among the Gaia FGK Benchmark Stars as well, it
was used to validate the measurements made on the spectra from the main database,
the FGK Stars Spectral Library. As can be seen in figure 7, the superior resolution
of the spectra from the Benchmark Stars makes it clear that the interstellar line is
in fact made up of two lines from two different clouds. While this information is lost
in the other spectra, the EW:s are still in good agreement between the two spectra.
For the D1-line the values are 116.2 mÅ and 118.1 mÅ and for the D2-line 134.4 mÅ
and 132.6 mÅ, from which I conclude that the resolution of the main database is
sufficient for precise EW-measurements.
The single largest contribution to the uncertainty in reddening is the built-in errors
when applying Poznanski’s formula, where a constant of 0.15 or 0.17 is added to the
value of log(E(B − V )). Then there is also the error in EW from the measurements in
IRAF, which are amplified by a factor of 2.16 or 2.47 when used in the formula. Since
the values for the EW are so small when studying stars in the solar neighborhood,
the resulting errors will be comparatively small as well. The mean value of the EW is
0.023 Å, so even a large uncertainty at say 20% would result in a propagated factor
of 0.023 · 0.2 · 2.47 = 0.011362 for the D1-line, which is 15 times smaller than the
constant 0.17. Clearly the formula is not optimized for such small values of EW, in
fact it gives a value of 0.017 mag and 0.012 mag for the D1- and D2-line respectively,
when EW = 0, which of course should be 0 instead.
Even though the measurement errors are negligible when calculating the reddening,
I will still discuss the main factors that complicate the measurements and how they
could be improved. Since each spectrum is unique and some are more easily measured
than others it is difficult to estimate a general uncertainty for each case. One factor
present in all measurements is that of continuum placement. It affects the relative
size of the line compared with the continuum, which is proportional to the EW. Since
the continuum level for the interstellar lines are based on the stellar lines, the fit of
the stellar line is key to get a precise measurement. Other factors such as interfering
14

Figure 7: The two divided spectra of the D1 line for the star 7 Psc. In the spectra
with higher resolution two components of each line can be seen, originating from two
different clouds.
lines and blending can make it difficult to fit the correct line-profile, but in most
cases the process is straightforward.
In the results section, I will present only the uncertainties from the formula, due
to the other factors being hard to quantify and small enough to not make a difference
in the significant digits of the result.
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4.2

The 3D-mapping method

Due to the average distance between the stars used for constructing the map, the
smoothing length varies from 10 pc close to the center of the map, up to around 100
pc for regions of the map located furthest away from the Sun (Lallement et al., 2014).
This means that no structures smaller than about 10 pc can be seen on the map.
The stars were located a maximum of two degrees off the plane of a map, which
corresponds to a distance in space of approximately 4 pc for the mean distance from
the Sun of 120 pc. As a test of the effect of a small deviation from the plane of
the maps, I used the maps of two nearby planes, namely the ones passing through
a galactic longitude of 160 and 165 degrees respectively. For the star HR 1514,
located at 163.7◦ galactic longitude, measurements were made in both maps with
reddening-value 0.02246 based of the 160◦ map and 0.01917 based on the 165◦ map.
The two maps can be seen in figure 8 with the star marked with a cross. The
comparison yields a difference of about 3 milli-mag, which will be used as an upper
end in uncertainty due to the planes deviating by five degrees instead of the two
degrees maximum in my measurements.
The reliability of the maps was tested by comparing the maps with the very data
that the maps were created with. One of the four datasets used to create the maps
is the Copenhagen-Geneva Survey (Nordström et al., 2004; Casagrande et al., 2011),
from which 4830 stars were used (Lallement et al., 2014 and private communication).
From this dataset I handpicked the ones located closest to any one of the maps,
around 100 stars in total, all within 0.2◦ from the plane of the map. From these, 30
were chosen at random and their reddening calculated and compared with that of
the original CGS-data. The results are presented in table 1, in which we see the
reddening-values for measurements in the maps compared with the CGS-data. The
difference between the two is denoted ∆, and ∆0 shows the difference if negative
CGS-values are instead assumed to be equal to 0.
The negative values for some of the CGS data is believed to be caused by
measurement errors. Lallement et al. (2014) used an error of 16 milli-mag as a
conservative estimate, so the negative values should be thought of as representing
reddening close to zero. The negative values were used when creating the maps,
except for the extreme cases with a value lower than -20 (Lallement et al., 2014),
but readings on the map produce only positive values, so a larger offset should be
expected for the negative values. To make up for this effect, a second column of
differences is presented, in which all negative values of E(B-V) is instead assumed to
be 0.
Even after correcting for the negative values, about a third of the stars have a
difference of 10 milli-magnitudes or higher, a few as high as 20 or 30, which requires
explanations. These stars can be identified by the bold font in table 1. There are
two types of deviations, either the maps give a too large or a too small value for the
reddening. In the first case, I have found that for all of the six stars with a difference
larger than +10, the line of sight from the star to the Sun passes between two clouds
located close to one another. The maps fail in identifying the cavity between the
clouds, resulting in higher values for the reddening. A prime example is HD 219312
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Star

CGS E(B-V) E(B-V)
[m-mag]
[m-mag]

∆
∆0
[m-mag] [m-mag]

HD 155990
HD 198041
HD 183303
HD 158573
HD 215977
HD 214267
HD 196789
HD 186700
HD 179705
HD 207610
HD 219312
HD 223436
HD 22811
HD 9701
HD 10405
HD 25454
HD 76078
HD 17556
HD 93860
HD 38273
HD 22924
HD 90323
HD 93474
HD 27221
HD 109590
HD 12681
HD 174565
HD 200787
HD 154221
HD 118245

-5
28
39
25
-6
5
8
-5
16
-9
-9
-2
20
14
17
13
29
25
-2
-3
-9
35
10
19
23
1
0
16
17
-9

7.9
-1.0
1.6
-4.4
11.1
2.9
-0.9
18.7
6.9
19.9
33.6
18.4
-14.2
8.3
18.2
-1.3
-23.7
-14.9
5.8
7.3
12.0
-30.6
13.9
-6.0
-10.6
6.2
11.8
-1.2
-7.4
20.0

2.9
27.0
40.6
20.6
5.1
7.9
7.1
13.7
22.9
10.9
24.6
16.4
5.9
22.3
35.2
11.7
5.3
10.1
3.8
4.3
3.0
4.4
23.9
13.0
12.4
7.2
11.8
14.8
9.6
11.0

2.9
-1.0
1.6
-4.4
5.1
2.9
-0.9
13.7
6.9
10.9
24.6
16.4
-14.2
8.3
18.2
-1.3
-23.7
-14.9
3.8
4.3
3.0
-30.6
13.9
-6.0
-10.6
6.2
11.8
-1.2
-7.4
11.0

Table 1: CGS-data used in the creation of the maps compared with the reddening
values estimated from the maps for the same stars. Stars marked with a bold font
show large deviations and are therefore further discussed.
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Figure 8: Adapted from Figures 7 and 10 of Lallement et al. (2014). Comparison
between the 160 and 165 degree maps. The star HR 1514 is marked with an X.
with a difference of +24. In figure 9 it can be seen how its light passes through the
edge of one of two neighboring clouds on its way to the Sun. The difference to the
CGS data indicates that the maps tend to blend together neighboring clouds.
For the other case, where the maps give a too small value for the reddening,
there exists another common factor for the stars affected. Most of the stars with
a difference larger than -10 are located at the outskirts of clouds, which could be
explained if the extent of the clouds or the density distribution at the edge of the
clouds are underestimated in the map. An example is the star HD 17556, with a
difference of -15, seen in figure 10.
To conclude this analysis, it is clear that the maps can give misleading results,
especially for stars whose light passes through the outer edges of a cloud. For stars
18

Figure 9: Adapted from Fig.6 of Lallement et al. (2014). Line of sight to HD 219312,
passing through two clouds.

Figure 10: Adapted from Fig.4 of Lallement et al. (2014). Line of sight to HD 17556,
located at the outskirts of a large cloud.
located within large clouds, or far away from any structures, the maps should in
general be more precise. An estimate based on the results in table 1 is that for these
stars the errors lie within ±12. The total uncertainty would then be ±15, when
adding the uncertainty of 3 from the deviation from the plane of the maps as well.
These errors will be used in the presentation of my results, but note that they serve
as an estimate for a general case and that the errors may be larger, such as in the
stars discussed above.
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5

Results and discussion

In this section I will present the results from the two methods and discuss how they
match up against one another. I also discuss a discrepancy in the reddening-values
calculated from the D1 and the D2 line.

5.1

Comparisons of the two methods

A direct comparison of the reddening values for the two methods can be seen in
table 2.
Star

Mean E(B-V)
E(B-V)
Na-method [m-mag] 3D-maps [m-mag]

57 Her
h Aql
HD 128853
HD 186535
HD 205011
HD 223869
HR 1514
HR 2243
HR 5518
HR 6363
HR 8730
ksi01 Cap
omi CrB
VV1719 Cyg
Mean-value

17.6+6.9
−10.3
24.6+9.4
−13.9
20.6+7.2
−10.7
18.1+6.3
−9.3
17.0+6.1
−9.0
16.8+6.3
−9.3
19.1+7.0
−10.4
19.3+7.1
−10.5
20.3+7.5
−11.0
19.9+7.3
−10.8
30.4+12.6
−18.6
39.0+13.9
−20.6
22.4+7.9
−11.8
26.4+9.2
−13.5
22.2+8.2
−12.1

32.4
10.9
18.9
31.6
18.1
9.2
20.8
0.0
35.9
29.1
22.4
64.3
17.0
52.4
25.9

Table 2: The results from the two methods and their uncertainties. For the uncertainties of the 3D-maps values I adopted ±15 m-mag for all stars.
One first result is that of the 14 stars, all but one were clearly seen to lie within
a large cloud in the maps. This shows that the two methods tend to agree on which
stars have significant reddening, even if the quantitative values may differ. For the
case of HR 2243, where the map showed no signs of reddening, the map is probably
the method at fault, as the star may have been located behind a small cloud not
visible due to the maps resolution. The fact that most of the stars are located firmly
within a cloud also motivates the choice of using the more moderate uncertainties of
±15 for the cloud measurements, which does not hold true in all cases as was shown
in section 4.
When comparing the reddening values for the two methods, it is clear that there
is a big spread in how well the results match. To better illustrate how the reddening
values compare to each other, the two E(B-V) values are shown for each star in
figure 11.
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Figure 11: The reddening values for the 14 stars from the two methods, compared
with the line for which the results are equal.
Eleven of the stars show an agreement within the error-bars for the two methods,
the errors are however very large. Of the three outliers, the one with zero reddening
according to the maps has already been discussed. The other two show a significantly
higher reddening from the maps than from the Na-method, and for these stars it is
harder to say which method is at fault. The Na-method does also rank these two
stars among the most reddened, but the E(B-V) values are a lot smaller. This does
indicate that there is some correlation between the two methods, even though it is a
flawed one. Another relevant point is that the Na-method can not give a reddening
value lower than about 15 milli-mag, because an EW of 0 does not return 0 as an
output, caused by the logarithmic form of the formulas. Therefore the values around
21

10 milli-mag from the maps can not possibly be matched by the Na-method in its
current form.

5.2

The discrepancy in the empiric formula

There is a discrepancy between the two reddening values calculated with the D1 and
the D2 line, where the result from the D1 line is larger in general, which can be
seen in table 3. Looking at the means we see that E(B − V )D1 is 35% larger than
E(B − V )D2 , which clearly in not a random effect. For the two values to be equal,
the EW for the D2 line would need to be 1.5 to 5 times bigger than the D1 line. By
solving the equation 2.47 · D1 − 1.76 = 2.16 · D2 − 1.91, it can be seen that for the
two formulas to give the same reddening, the following relationship between D1 and
D2 must hold:
D2 = 1.1435 · D1 + 0.06944

(3)

For my relatively small values for D1 and D2, the added term of 0.06944 is
often larger than D1, resulting in unrealistically large expected values for D2. In
the optically thin case, when the lines are unsaturated, the ratio of the intensities
of the two lines, R = D2
, is expected to be equal to 2 based on theory, deduced
D1
from the ratio of the statistical weights of the atomic sub-levels in the sodium atom.
When the lines become saturated, their intensities approach equal values, and thus
the ratio may decrease from 2 down to 1 in the optically thick case (Tennyson,
2011; Kasalica et al., 2013). From this fact, and using equation (3), I conclude
that 2D1 ≥ D2 ⇒ D1 ≥ 0.081, which further shows how the two formulas are not
compatible for low equivalent widths. In my measurements, the ratio R varies a lot,
but is 1.6 on average.

6

Conclusions

The two methods both have severe limitations and large uncertainties, but they
complement each other in some cases and for the most exact result both methods
should be applied if possible. One should also remember that all methods for
measuring extinction are uncertain and hard to use. As a tool to identify extincted
stars, the Na-method is both reliable and efficient and can be used to analyze large
numbers of spectra quickly. It is however reliant on high resolution spectroscopy,
which is a limitation. The 3D maps are not as reliable when it comes to determining
if a star is affected by extinction, as it averages individual measurements to get a
picture of the large scale structures.
The empiric formulas of the Na-method are found to have severe drawbacks and
are not optimized to use for low-extinction stars. The formula makes unrealistic
predictions for the intensity difference between the two sodium lines for small values
of the EW. Also, because of the logarithmic nature of the formula, an EW of zero
does result in a non-zero extinction. Therefore one suggestion for further studies is if
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Star

EW D1 EW D2 E(B-V) D1 E(B-V) D2
[mÅ]
[mÅ]
[m-mag]
[m-mag]

57 Her
h Aql
HD 128853
HD 186535
HD 205011
HD 223869
HR 1514
HR 2243
HR 5518
HR 6363
HR 8730
ksi01 Cap
omi CrB
VV1719 Cyg
Mean-value:

37.0
90.2
43.8
19.1
13.7
18.6
38.9
40.3
49.7
46.1
141.5
159.2
60.6
85.5
60.3

23.0
98.8
85.5
62.4
42.0
29.9
58.8
61.2
70.2
68.6
117.1
210.9
100.7
138.5
83.4

21.4
29.0
22.3
19.4
18.8
19.3
21.7
21.9
23.1
22.6
38.9
43.0
24.5
28.3
25.3

13.8
20.1
18.8
16.8
15.2
14.3
16.5
16.7
17.4
17.3
22.0
35.1
20.3
24.5
19.2

Table 3: Equivalent width and the resulting reddening from Poznanski’s formula.
an improved formula can be found which better represents the relationship between
extinction and sodium lines. Another possible limitation of the Na-method is that of
saturation. There is an upper limit on how large the equivalent widths can become,
and as the lines begin to saturate, the formula will no longer give correct results.
The maps are shown to be unreliable for stars whose line of sight passes between
two or more clouds or are located at the outskirts of large formations. It is further
limited in resolution and fails to map structures smaller than 10 pc. Also, for the
maps to reach its full potential, all data would need to be made accessible, ideally as
a database that can calculate the extinction for a given coordinate in space.
A way to improve the analysis of the two methods would be to compare both
of their results with that of a third, more reliable method. This could clarify what
method gives a better estimate of the reddening in cases where the two methods do
not agree and give rise to new ways to improve them.
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