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Nederlandse Samenvatting:
Hoe ondoorzichtig is de schijf van

een melkwegstelsel?

”Niet alles wat verborgen is, is verloren.” (vrij naar J.R.R. Tolkien)

Melkwegstelsels zijn heldere eilandjes van licht in de donkere zee van ons universum.
Zij hebben een grote variëteit in voorkomen, grootte en kleur. Toch zijn zij in verschillende
families in te delen: de rood-gele elliptische stelsels, de spiraalstelsels –wervelwinden van
sterren– en de onregelmatige, een grote vergaarbak aan vormen.

Figuur I: Hubble’s
Stemvork: een classi-
ficatie van melkweg-
stelsels ooit bedacht
door E. Hubble. Links
staan de elliptische
stelsels (E) en rechts
de spiraalstelsels (S),
mèt centrale balk (on-
der) en zonder (bo-
ven).

Deze families kunnen worden gesorteerd in Hubble’s ‘stemvork’ (Figuur I), net zoals in
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de biologie levende wezens worden ingedeeld in soorten, geslachten, families enz.
Al enige tijd vermoeden astronomen dat het zichtbare beeld van een melkwegstelsel wel

eens erg bedrieglijk zou kunnen zijn. Allereerst werd vastgesteld met radiotelescopen dat
atomair waterstofgas voorkomt tot ver buiten de schijf met sterren. Ook lijkt de beweging
in de draaikolk van sterren en gas erop te wijzen dat er meer massa is dan die twee waar-
neembare componenten alleen. Door haar zwaartekracht beı̈nvloedt deze ‘donkere materie’
wèl de beweging van de sterren maar zelf straalt zij weinig of geen licht uit. De spiraalarmen
lijken alleen maar blauw omdat de jonge hete sterren erin dat ook zijn. Naast die heldere
jonge sterren valt het merendeel van de gewone gele sterren -zoals onze zon- veel minder
op. Bovendien zijn de echte ‘kraamkamers’ van sterren vaak gehuld in een wolk van stof en
gas. De mooie plaatjes van spiraalstelsels zouden ons dus wel eens een rad voor ogen kunnen
draaien omdat zij met name de ‘franje’ laten zien en niet waar zij werkelijk uit bestaan.

Figuur II: De beroemde Paar-
denkop Nevel. Een mooi voor-
beeld van het silhouet van een
stofwolk tegen een gloeiende
achtergrond. De gloeiende
wolken en de Paardenkop zijn
deel van de Riem van Orion.

Al geruime tijd is bekend dat stof -eigenlijk eerder rook of roet, maar astronomen noemen
het stof- een verduisterend effect heeft op sterren, o.a. in onze eigen Melkweg. Een van
de eerste modellen van onze Melkweg door J.C. Kapteyn was gebaseerd op tellingen van
sterren. Later bleek het vertekend te zijn omdat die tellingen te weinig rekening hielden met
de verduistering door stof.

Soms is stof in onze Melkweg direct zichtbaar, waar de stofwolken afsteken als silhou-
etten tegen een gloeiende achtergrond (Figuur II). Het is een belangrijke component in de
chemie van de wolken tussen de sterren, waarin moleculen zijn gevonden die iets met het
begin van leven te maken hebben. In de grote wolken van gas en stof vormen zich nieuwe
sterren met stofringen waar later de planeten uit ontstaan.

Maar het voornaamste effect van stof is voor astronomen, dat het juist de dingen verstopt
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waar zij naar willen kijken. Stof absorbeert het licht van sterren en zendt het geabsorbeerde
licht weer uit in het infrarood, de straling die je voelt als je dichtbij een vuur of radiator staat.

Figuur III: Het optische en
het infrarode plaatje van een
nabij spiraalstelsel. Het licht in
het linkerplaatje is voor het me-
rendeel van sterren en het licht
aan de rechterkant komt van
stofmoleculen tussen de ster-
ren in. Opmerkelijk is hoe de
donkere banden van stof in het
linker plaatje oplichten in het
rechter. Maar niet al het stof
in het rechter plaatje hoeft op
te lichten: een deel kan te koud
zijn om veel te gloeien.

Stof is van belang in alle aspecten van het leven van een melkwegstelsel, de formatie van
sterren en planeten, hoe het stelsel licht uitstraalt en hoeveel ervan voor ons verborgen blijft.
Desondanks resteren er nog veel vragen. Hoeveel is ervan en waar zit het? Wanneer en waar
werd het aangemaakt? Zit het op dezelfde plekken als de sterren of als het waterstofgas? Of
daar ergens tussenin? De astronomie begint nog maar pas een goed idee te krijgen hoeveel
stof zich bevindt in een spiraalstelsel en waar.

Er zijn twee manieren om stof te vinden: ten eerste door het meten van de infrarood
straling die het uitzendt. Dit kan het beste vanuit de ruimte aangezien onze atmosfeer er erg
goed in slaagt om de meting te verstoren. De tweede methode is te meten hoeveel licht er
‘ontbreekt’ in een melkwegstelsel door het verduisterende effect van stof. Het probleem is
dan wel dat je een goed idee moet hebben hoeveel licht er zou zijn zonder de aanwezigheid
van stof.

De nieuwe Spitzer Ruimtetelescoop –een van de vlaggenschepen van NASA– is momen-
teel druk bezig de infrarode straling in kaart te brengen, onder andere van spiraalstelsels. Stof
gloeit echter pas als het wordt verwarmd door naburige sterren. Aangezien het erg koud is in
de ruimte, zou er aardig wat koud stof kunnen zijn, dat nauwelijks of geen infrarood uitzendt.
Daarom hebben astronomen ook geprobeerd om de ondoorzichtigheid van spiraalstelsels, als
gevolg van de absorptie door stof, te karakteriseren. Een mooi voorbeeld van ‘ontbrekend’
licht is te zien in NGC 891, een spiraalstelsel dat we op zijn kant zien, met een duidelijke
donkere stofband, midden in de schijf van het stelsel (Figuur IV).

Dit proefschrift: verre melkwegstelseltjes tellen

Een methode om de absorptie door stof te meten is om de kleine, verder weg staande melk-
wegstelseltjes te tellen1. Deze stelseltjes zijn overal aan de hemel zichtbaar als kleine vlekjes.
Bekend is het beeld dat de Hubble Ruimtetelescoop ons van een veld van deze stelseltjes heeft

1Ik gebruik het verkleinwoord omdat deze achtergrondstelsels kleiner lijken.
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Figuur IV: NGC
891, een van de best
bestudeerde spiraal-
stelsels, precies op
zijn kant. De donkere
band is het resultaat
van stof in de schijf.
Hoever deze band
zich naar links en
rechts uitstrekt is
nog onderwerp van
discussie.

gegeven: het Hubble Deep Field (Figuur VI). Aan de hemel lijken deze stelseltjes soms bij
elkaar geklonterd, en soms staan er maar weinig. Maar waar je ook kijkt, je vindt er altijd
wel een paar.

Om de absorptie door een spiraalstelsel op de voorgrond te vinden, kun je het aantal verre
melkwegstelseltjes door de schijf heen tellen. Dan kan geschat worden hoeveel er ontbre-
ken. Al in 1934 merkte Hubble op dat het aantal zichtbare verre melkwegstelsels vermindert
naarmate je meer in de schijf van onze eigen Melkweg kijkt.

Dit idee om het aantal verder weg staande stelseltjes te gebruiken om stofabsorptie in een
voorgrond melkwegstelsel te karakteriseren is al verscheidene malen toegepast. Er zijn echter
enige problemen met de methode. Het voorgrondstelsel zit vol sterren, gloeiende gaswolken
en sterhopen. Om die van de achtergrondstelseltjes te kunnen onderscheiden, zijn scherpe
plaatjes nodig, bij voorkeur in kleur.

De Hubble Ruimtetelescoop heeft inmiddels al veel superscherpe plaatjes van andere
melkwegstelsels geschoten. Sommige van die spiraalstelsels worden van bovenop gezien,
ideaal om te proberen er doorheen te kijken. Tellingen van de achterliggende melkwegstel-
seltjes geven een afschatting van de absorptie in het voorgrondstelsel.

Maar uit het aantal achterliggende stelseltjes in een Hubble opname is de absorptie niet
onmiddellijk af te leiden. Dat aantal hangt er ook vanaf hoeveel sterren uit het voorgrondstel-
sel in het plaatje te zien zijn. Om vast te stellen hoe het aantal achtergrondstelseltjes uitslui-
tend van de absorptie door stof afhangt, wordt een serie simulaties gemaakt. In een dergelijke
simulatie wordt een plaat met het gemiddelde aantal achtergrondstelseltjes 2 toegevoegd aan
het originele plaatje. Vervolgens kijk ik hoeveel toegevoegde achtergrondstelseltjes ik weer
terug kan vinden in dit synthetische plaatje. In de volgende simulatie wordt aan het orginele
plaatje hetzelfde achtergrondplaatje toegevoegd, maar ditmaal is dat eerst gedimd om het ef-
fect van stof na te bootsen. Opnieuw wordt gekeken hoeveel van de toegevoegde stelseltjes
terug zijn te vinden. En in de volgende simulatie gebeurt dit weer, nu met een nog meer

2Een redelijk nauwkeurig beeld van het gemiddelde aantal achtergrondstelseltjes, waar ook aan de hemel, geven
de beide Hubble Deep Fields.
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De Synthetische Veld Methode
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Figuur V: Een schema van de “Synthetische Veld Methode” om de relatie tussen stofverduis-
tering en het aantal achtergrondstelseltjes te vinden.
De Hubble Ruimtetelescoop heeft een plaat gemaakt van een stuk van een spiraalstel.
Stap 1: Het aantal achtergrondstelseltjes in deze plaat wordt geteld.
Stap 2: Simulaties worden gemaakt. Het plaatje met een gemiddeld aantal achtergrond-
stelseltjes wordt gedimd en aan de originele plaat toegevoegd. In elke simulatie wordt een
verschillende mate van verduistering gehanteerd.
Stap 3: De aantallen toegevoegde achtergrondstelseltjes worden geteld in elke simulatie.
Stap 4: Het aantal daadwerkelijke achtergrondstelseltjes uit stap 1 (horizontale lijn) wordt
vergeleken met de aantallen uit stap 3 (curve).
Stap 5: Uit het snijpunt tussen de horizontale lijn en de curve, wordt de gemiddelde verduis-
tering in de oorspronkelijke plaat van stap 1 afgeleid.
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Figuur VI: Het Hub-
ble Deep Field, een
stukje hemel nabij de
Grote Beer dat lang
met de Hubble Ruim-
tetelescoop is beke-
ken. Het aantal kleine
stelseltjes in dit stuk is
redelijk typerend voor
een willekeurig stukje
hemel.

verduisterd achtergrondplaatje. Zo ontstaat bij elk origineel plaatje een eigen serie simulaties
om de relatie tussen de verduistering en het aantal teruggevonden stelseltjes te bepalen. Deze
relatie is karakteristiek voor dat originele plaatje van een voorgrondstelsel.

Ook in het originele plaatje heb ik naar achtergrondstelseltjes gezocht en die waren na-
tuurlijk niet toegevoegd. Om hetzelfde aantal, maar dan toegevoegde stelseltjes terug te krij-
gen in een simulatie, moet er een bepaalde verduistering op het achtergrondplaatje zijn toe-
gepast. Die verduistering vertelt ons hoeveel effect van stof er in het oorspronkelijke plaatje
is. Zie Figuur V, waarin het stappenschema van deze methode (de “Synthetische Veld Me-
thode”) is weergegeven.

Resultaten

De vergelijking tussen het aantal echte en het aantal toegevoegde achtergrondstelseltjes in
de simulaties kan worden gedaan voor een individueel voorgrondstelsel, of voor onderdelen
daarvan. Ook is het mogelijk de aantallen van een hele serie stelsels te combineren en een
gemiddelde stof-verduistering uit te rekenen. Door de methode grotendeels te automatiseren,
ben ik erin geslaagd om in platen van 29 voorgrondstelsels de verduistering te bepalen.

Enkele typerende trekken van stof in spiraalstelsels zijn op die manier gevonden of geve-
rifieërd. Om te beginnen lijkt stofabsorptie plaats te vinden in het merendeel van de schijf.
Deze stofschijf lijkt zich iets verder uit te strekken dan de sterren. Spiraalarmen zijn nog
rijker aan stof dan de rest van de schijf van een stelsel. Over het algemeen zijn de heldere
delen in zo’n schijf –d.w.z. het centrum en de spiraalarmen– ook de plekken met het meeste
stof.



XVII

Figuur VII: Ver-
scheidene donkere
stofwolken in onze
eigen melkweg. Als
dergelijke wolkjes
een deel van een
melkwegstelseltje
bedekken, dan komt
het licht waar je
de kleur uit bepaalt
voornamelijk uit de
onbedekte delen.
Het stelseltje is wel
minder helder maar
niet verkleurd.

Je zou kunnen verwachten dat de achtergrondstelseltjes roder lijken, naarmate meer stof
gemeten wordt, een effect dat astronomen goed kennen uit waarnemingen van individuele
sterren in onze Melkweg3. Dat blijkt echter niet het geval. Dit duidt erop dat het stof in wol-
ken voorkomt. Als een stofwolk zich vóór een achtergrondstelseltje bevindt, dan blokkeert
deze het licht van het stelseltje ook compleet. Wat je van de achtergrondstelseltjes kunt zien,
zie je tussen de wolkjes door en met de ‘normale’ kleur.

In de schijf lijken de hoeveelheden stof en waterstofgas –gevonden met radiotelescopen–
niet aan elkaar gerelateerd. Een nauwkeuriger bepaling van het verband tussen deze twee kan
in de nabije toekomst gedaan worden met nieuwe tellingen.

De beste kandidaten voor tellingen zijn spiraalstelsels die niet al te nabij staan. In deze
zijn achtergrondstelseltjes het beste te herkennen en te onderscheiden van objecten in het
voorgrondstelsel zelf.

Mijn resultaten werpen natuurlijk ook weer nieuwe vragen op. De waarden die ik vind
voor de mate van verduistering lijken op het eerste gezicht op veel stof te duiden en dat heeft
zo zijn implicaties. Het feit dat de heldere delen van het spiraalstelsel ook rijker aan stof zijn,
impliceert dat het stof de sterren ‘volgt’ – tenminste ten dele. Maar verder naar buiten in de
schijf lijkt de stofinhoud hetzelfde te blijven, terwijl er daar steeds minder sterren zijn. Hier
gaan het stof en de sterren niet gelijk op. Het stof reikt tot ergens buiten de schijf van sterren.
Hoe is het daar gekomen? Is het daar aangemaakt of daarheen geblazen? En al die schijven
van spiraalstelsels samen, hoe beı̈nvloeden die onze kijk op het verre universum?

In het kort: als we naar een plaatje van een spiraalstelsel kijken en we zien een klein ach-

3Denk aan een zonsondergang: je ziet de zon door meer atmosfeer en hij lijkt dan roder.
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tergrondstelseltje erdoorheen, dan zegt dat achtergrondstelseltje ons niet onmiddellijk hoeveel
stof er in het spiraalstelsel aanwezig is. De afwezigheid van de overige achtergrondstelseltjes
vertelt ons wel hoeveel stof er precies is. Deze techniek is nu goed uitgewerkt en inmid-
dels heeft de Hubble Ruimtetelescoop nog veel meer plaatjes gemaakt. Zo kunnen tellingen
van verre melkwegstelseltjes in de toekomst een licht laten schijnen op het donkere stof in
spiraalstelsels.



English Summary:
How opaque is the disk of a spiral

galaxy?

”Not all that is hidden is lost.” (after J.R.R. Tolkien)

Galaxies are bright islands of light in the sea of darkness that is our Universe. They come
in a wild variety of shapes, sizes and colors but can be grouped into a series of families:
the reddish-yellow elliptical galaxies, the spiral galaxies with their blue sweeping arms and
yellow central bulge and the irregulars, a hodgepodge of erratic shapes and colors.

Figure I: The Hubble
Tuning Fork, a scheme
to classify galaxies by
E. Hubble. Left are the
elliptical galaxies (E)
and right are the spiral
galaxies (top) and
barred spiral galaxies
(bottom).

These families can be sorted along a classification scheme called Hubble’s “tuning fork”
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(Figure I), in much the same way biologists classify animals into species, genus and family.
Yet for some time astronomers have suspected that the appearance of spiral galaxies may be
deceptive. First atomic hydrogen was discovered by its radio emission. This gas extends
far beyond where stars were readily visible. The movement of gas and stars in the disk of
a spiral galaxy betrays the presence of much more stuff than just that of gas and stars. The
gravity of this ‘dark matter’ influences the gas and stars but it does not seem to emit much
light itself. The spiral arms appear blue due to young, bright stars and the gas heated by them.
Next to these bright stars, the majority of yellow stars do not stand out much. Moreover, the
maternity ward for young stars appears often heavily shrouded in dust. The pretty pictures of
galaxies with the sweeping spiral arms could be only showing the frosting on a hidden cake.

Figure II: The famous horse-
head nebula, a cloud of dust
backlighted by glowing gas in
Orion.

For some time it has been known that dust –or more accurately smoke, but the name dust
stuck somehow– obscures objects in our own galaxy, the Milky Way. One of the first models
of our Milky Way by J.C. Kapteyn was based on counts of stars. It turned out to be skewed
as these counts were not sufficiently corrected for the extinction by dust. Sometimes dust
is visible, where dark clouds show up as fantastic silhouettes against a glowing background
(Figure II). In addition, it seems to play host to many complex molecules, some of which are
associated with the origin of life. In the large complexes of dust and gas originate new stellar
systems with rings of dust from which their planetary systems will form in time.

But the main effect of dust is that it hides objects of interest from view by absorbing the
light they emit. Dust then reradiates the absorbed light in the infrared, the heat you feel when
close to a radiator or a fire.

Dust is important in all aspects of the life of a galaxy: the formation of stars and planets,
how it radiates its light, its interstellar matter and how many of its stars are obscured. Nev-



XXI

Figure III: The optical and
the infrared image of the Whirl-
pool Galaxy. The light in the
left image is mostly from stars
while the light in the right im-
age is from dust molecules in
between the stars. Notice how
the dark dust bands in the left
image, show up as light in the
right one. Not all of the dust ne-
cessarily shows up in the right
picture though, a part can be
too cold and glow too faint to
pick up.

ertheless, much remains unknown about it. When and where was most of it formed? Where
is it in most galaxies? Is it where most of the gas is or where the stars are? Or somewhere in
between? Astronomy is only beginning to understand how much dust there is in an average
spiral galaxy and where.

There are two ways to find interstellar dust: first one can detect its emission in the infrared,
something best done from space as our earth’s atmosphere is very good at muddling the
measurement. Secondly, one can look for light that seems to be missing. The trouble there is
of course that one needs to know how much light was supposed to be there in the first place.

Figure IV: NGC
891, one of the best
studied perfectly
edge-on galaxies. The
dark band is the effect
of dust. Where this
dark band exactly
ends, remains open
for debate.

The new Spitzer Space Telescope, one of NASA’s flagship Great Observatories, is cur-
rently busy mapping the emission of dust in our Galaxy and in others. But for it to detect the
dust, this needs to glow in the infrared. In order to do that it needs to be heated sufficiently
by stars in the vicinity. Since it is very cold in space, there could also be cold dust out there.
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So, in addition to looking at the light radiated by dust, astronomers have been searching for
ways to characterize how much light is missing due to dust absorption. A very striking effect
of missing light is seen in a galaxy on its side (Figure IV). Most of the light from the stars in
the middle of that galaxy is blocked by the dust.

This thesis: counting galaxies
One way to measure extinction in a galaxy is counting the much more distant galaxies, seen
though it. These are seen as small smudges of light that seem to be everywhere in the sky.
They were made famous by images like the Hubble Deep Field (Figure VI). Sometimes these
galaxies bunch up in clusters or avoid each other to form voids. Some of them, however,
always seem to be there, wherever we look.

To measure the extinction by a foreground disk of a spiral galaxy, one can count the
number of distant galaxies seen through it and estimate how many are missing. Already in
1934, Hubble found that our view of distant galaxies was blocked by the dust in the disk of
our Milky Way.

The idea to use distant galaxies seen through another has been tried several times but is
fraught with problems. The foreground galaxy is a mass of stars, glowing nebulae and clusters
of stars. To disentangle the background galaxies requires very crisp images, preferably in
color. The Hubble Space Telescope has spent quite a bit of its time looking at other galaxies,
some of them spirals seen from above (this is called face-on), taking some of the crispest
images of spiral galaxies to date. By counting the number of distant galaxies in these images,
the extinction by dust in the foreground galaxy can be estimated.

The number of distant galaxies in a Hubble image does not tell you the dust extinction
immediately. This number also depends on how crowded the image is with stars from the
foreground galaxy. To see how the number of distant galaxies depends purely on the amount
of dust present, I run simulations. In such a simulation, a field with the average number of
galaxies one would expect looking anywhere in the sky, is added into the original image.
Then I determine how many of these added galaxies can be detected in this synthetic field. In
the next simulation, the average number of galaxies is added again into the original image.
But this time the added field is made less bright, to simulate the effect of dust on the added
galaxies. Once more, I determine how many can be retrieved. In the next simulation, the
added field is dimmed even more. And so on and so on. From this series of simulations
emerges the relation between the number of the added galaxies retrieved and the dimming
applied to them. For each original Hubble picture, this series of simulations has to be made,
since the relation is unique for each original picture.

In the original image, I have found distant galaxies as well, none of which were added.
To get the same number of added galaxies in a simulation a certain amount of dimming needs
to be applied. This dimming indicates the dust extinction in the original Hubble image. See
Figure 2.1 for a schematic of this “Synthetic Field Method”.

Results

The comparison of the number of real and added galaxies can be made for whole images or
sections of an image. An average value for a spiral galaxy can be found by combining a whole
set of images. By automating the method, I succeeded in obtaining extinction measurements
for 29 foreground galaxies.
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The Synthetic Field Method

N
u

m
b

er
 o

f 
g

al
ax

ie
s

More dust dimming

Dimming by dust

(3)

(5)

Original image

Hubble Deep Field
The Simulations

(1)

Original image

(4)

(2)

Figure V: A schematic of the method to find the relation between dust dimming and the
number of distant galaxies, the Synthetic Field Method.
The Hubble Space Telescope takes an image of a spiral galaxy.
Step 1: The number of distant galaxies in this image is counted.
Step 2: Simulations are made. An image with a typical number of distant galaxies is added
to the original image with a certain dimming applied to it. This step is repeated several times
with incremental dimming.
Step 3: The numbers of added distant galaxies are counted in each simulation.
Step 4: The number of distant galaxies found in step 1 (the horizontal line) is compared with
the numbers found in step 3 (the curve).
Step 5: The intersection between the decreasing curve of simulated distant galaxies and the
number of real distant galaxies gives the amount of dust extinction.
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Figure VI: The
Hubble Deep Field
North. A very deep
image of a patch
of sky near the Big
Dipper constellation.
All the objects in
this image are distant
galaxies. The number
of these distant galax-
ies is pretty average
for any given part of
the night’s sky.

Several general properties of the dust in a spiral galaxy were discovered or verified. First,
there is dust dimming in most of a spiral galaxy’s disk. Dust seems to extend somewhat
beyond the stars in the disk. There is even more dust in the spiral arms and the brighter parts
of the disk, such as the center.

One might expect the galaxies to appear redder in the regions with more extinction, some-
thing already known from measurements of individual stars in our own Milky Way 4. But this
turns turns out to be not the case. This indicates that dust resides in dense clouds. If such a
cloud is in front of a distant galaxy, it blocks the light from it completely. What we see of
distant galaxies, we see in between these clouds (Figure VII). Therefore we see them with
their ‘normal’ color.

There does not seem to be a correlation between the gas, as found by radio telescopes,
and dust. A more accurate answer to the relation between these two will be found with new
counts in the near future.

The method of galaxy counts is best applied on face-on spiral galaxies, which are at
intermediate distances so the background galaxies are easier to identify.

My results also raise new questions. The values for the dimming found are pretty high,
especially when compared to results from earlier studies. There are several implications from
this result. The fact that the brighter parts -spiral arms and the center- also show more dust,
means that dust follows the stars somewhat. However, there is dimming beyond where we
see most of the stars from the foreground galaxy. This might mean that dust does not follow
stars completely.

4Think even of a sunset. You see the sun through more atmosphere ands so it appears redder.
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Figure VII: Sev-
eral dark dust clouds
in our Milky Way.
If several of those
clouds are in front of
a distant galaxy, most
of the light observed
from that galaxy is
from the uncovered
parts. The distant
galaxy is dimmed but
not reddened.

The dust in the disk extends to somewhere beyond the disk of stars. How did it get there?
Dust is made in stars so it could have been made there earlier or blown out. There are a lot of
spiral galaxies; do all these disks together affect our view of the distant Universe?

So if we see a little distant galaxy through the disk of a foreground galaxy, this does not
immediately tell us how much dust there is in that foreground spiral galaxy. The absence of
some of the other distant galaxies tells us how much extinction there is in that disk. Since
this technique is now well understood and the Hubble Space Telescope has taken many more
images in the meantime, counts of distant galaxies promise to continue to shed light on the
subject of dust in galaxies.
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1
Introduction:

The dust content of spiral galaxies
“Surely, there is a hole in the heavens!” Sir William Herschel (1785)

1.1 Introduction

Dust extinction alters our perception of light from astronomical objects, such as spiral galax-
ies. Apart from the extinction hiding interesting astrophysical processes, it figures promin-
ently in the chemical and radiation budgets of a spiral disk.

The dust content of spiral disks can be characterized with many different techniques but
they generally rely on two effects of dust: the absorption of stellar light or the re-emission of
the absorbed energy at the infrared and sub-millimeter wavelengths. Historically, the absorp-
tion has been characterized first, and some of these observational techniques are discussed
here first. Recently, much observational effort has been expended on the emission character-
istics. Increasingly more sophisticated models now take emission, scattering and absorption
by different dust grains into account to explain observations at many wavelengths.

Reviews of the role of dust in spiral disks have been appearing regularly (Stein and
Soifer 1983; Calzetti 2001; Tuffs and Popescu 2002; Lockman 2003; Li and Greenberg
2003; Draine 2003), focusing on different aspects such as the link to starformation, dust
infrared emission or dust composition and chemistry. The number of publications related to
the extinction in spiral disks has grown very large however. As a consequence it is difficult
to be complete in a review on the subject. The review of Calzetti (2001) on dust in starburst
galaxies is an excellent one, and I will expand the spiral galaxy part here.

The phraseology of the effects of dust on light is somewhat whimsical: opacity, extinc-
tion, dimming, reddening, scattering and absorption. Most of these terms are used to describe
the diminishing effect of dust on the light from an astronomical object. The definitions of
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these terms are given in the Glossary of Astronomy and Astrophysics (Hopkins (1980), Table
1.1).

Table 1.1: Terms and definitions from the Glossary of Astronomy and Astrophysics, Hopkins
(1980).

Term Definition
Opacity A measure of the ability of a gas to absorb radiation. Since the opacity at

a given temperature depends on the number of particles per unit volume
and since heavier elements contain more electrons than lighter elements,
the opacity of a star will increase with increasing proportions of heavy
elements.

Extinction Attenuation of starlight due to absorption and scattering by Earth’s
atmosphere,or by interstellar dust. The longer the path through the dust,
and the denser the dust, the more the starlight is attenuated.

Reddening See extinction.
Scattering: Light absorbed and subsequently reemitted in all directions at about the

same frequency.
Absorption A decrease in the intensity of radiation, representing energy converted into

excitation, ionization, or thermal motions of electrons in the material
though which the radiation travels.

Attenuation The falling off of the energy density of radiation with the distance from
the source, or with passage through an absorbing or scattering medium.

In the literature, however, these terms are used with many other meanings. Absorption
is used more in the context of spectral features. Reddening and extinction are not as readily
interchangeable as the definitions above suggest. In the context of spiral disks, opacity is
usually used for the effect of the whole of the spiral galaxy’s disk on a background source
and extinction as the effect of associated dust on stellar light. In this thesis, the attenuating
effect of the disks opacity on the number of distant galaxies is explored. I have used the
terms extinction and opacity interchangeably in the following chapters.

This review chapter is organized as follows:
In section 1.2 the motivation for this thesis project is briefly discussed by a summary of the
various effects of dust.
Section 1.3 reviews the earlier work done on the inclination effects on samples of spiral
galaxies.
Section 1.4 treats the various other methods that rely on the light from the disk itself to
measure extinction.
Section 1.5 describes the expansion of that work into spectral energy distribution models that
include a dust disk.
Section 1.6 treats the characteristic emission by dust in a disk.
Section 1.7 focuses on the direct measurement of dust in a disk using known background
sources. In particular, section 1.7.2 reviews all the previous work done using distant galaxies
seen through a foreground galaxy as this is the technique used in this thesis. Section 1.7.3
summarizes the the crucial calibration method.



THE IMPORTANCE OF DUST 3

In Section 1.8 the specific motivation for the thesis project is described.

1.2 The importance of dust

What is the motivation to study extinction in a spiral galaxy? The reasons for studies into
disk extinction have been as varied as the approaches to measure it:

First, there is the effect of the dust in the disk on general photometric studies, such as
the Tully-Fisher relation, the relation between spiral galaxy rotation and luminosity. The
correction of the total disk luminosity for inclination was the first science driver for the study
into disk opacity. More recently, estimates of disk opacity in individual galaxies instead of a
large sample, have gained interest.

Second, by hiding stellar mass contributions, dust skews our dynamical models of dark
matter in spiral galaxies.

Thirdly, the morphology of the spiral galaxy -whether it is flocculant or grand design-
depends on the wavelength of observation, in part due to the obscuration by dust (Block and
Wainscoat 1991; Block et al. 1996).

A fourth reason is the effect of dust on our observations of starformation. Calzetti et al.
(1994) found for starburst galaxies that all the simple models did not work and proposed a new
extinction law for starbursting galaxies. Some variable fraction of the observed starformation
is hidden by surrounding dust. In addition, dust can muddle measurements of metallicity and
age of distant stellar populations.

Shortly after the SN1a observations of acceleration of the Hubble expansion, intergalactic
dust was put forward as a serious obstacle to observe the high-redshift universe (Aguirre
1999b,a; Aguirre and Haiman 2000). The properties of this “cosmic dust” are somewhat
fanciful: uniformly distributed by galactic outflow and grey in nature. The effect of evolution
in the dust content of the host galaxies on the distant SN1a measurements may be quite
profound however.

Moreover, extended dust disks of nearby spirals could seriously influence our view on
the high-redshift Universe (Ostriker and Heisler 1984; Heisler and Ostriker 1988; Masci and
Webster 1995, 1999; Alton et al. 2001a). Knowing the actual extent of these disks is therefore
critical if our observations of the high-redshift objects are to be corrected for this.

These separate science motivations to characterize the dust extinction in a spiral disk have
sparked different approaches to the subject, all contributing to a general picture of the role
of dust in spiral galaxies. All these techniques have different strengths and weaknesses and
bring different perspectives on the prominence and role of dust in spiral galaxies.

1.3 Inclination effects on disks

The effects of inclination, characterized by the ratio of the disk’s minor and major axes, on
the disk’s surface brightness and size, such as the scalelengths measured for the exponential
disk, were the focus of many studies. This work partly grew out of the need to calibrate the
Tully-Fisher distance scale for the effects of the dust disk on the total luminosity of spiral
disks. A very good summary of this type of study done up to 1994 is in Huizinga (1994)
but more studies have appeared since then. In most of these studies, the dust is assumed to
reside in a thin disk encompassed by the stellar disk (“Sandwich model”), the most accurate
of simple analytical models. The goal of these studies was to find a statistical correction for
the total luminosities of galaxies for extinction in their disks.
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The limitations of this method are the sensitivity to selection effects, the uncertainty in the
inclination determination, its restriction to the brighter parts of the disks and the uncertainty
in the scale height of the dust. In addition, only an average value for a large section -generally
the whole- of the disk is obtained for a certain Hubble type or luminosity class.

1.3.1 The Holmberg test

Holmberg (1958) conducted the first statistical test on the opacity of spiral disks by studying
the effect on the average surface brightness by the inclination of the disk. He did not find
completely transparent galaxies but derived very slight face-on extinctions in the B-band,
making them optically thin over the whole disk. Corrections for inclination are included
into the Reference Catalogue of Bright Galaxies and its subsequent incarnations (de Vauc-
ouleurs et al. 1991). The statistical test on a large sample of disk photometry was called the
‘Holmberg test’ for some time. And the optically thin spiral disk was a canonical tenet as
well.

1.3.2 Sample selection effects

Disney et al. (1989), Burstein et al. (1991), Choloniewski (1991) and Davies et al. (1993)
point out that the inclination tests of disk opacity are very sensitive to selection effects. Con-
sequently, Valentijn (1990) claimed that disks could be completely optically thick for most
of their extent. The controversy that followed, sparked a flurry of publications on the inclin-
ation effects on disk photometry (Hesselbjerg 1990; Cunow 1992; Han 1992; Huizinga and
van Albada 1992; Kodaira et al. 1992; Peletier and Willner 1992; Reshetnikov and Sazonova
1993; Nedyalkov 1993, 1994; Boselli and Gavazzi 1994; Bernstein et al. 1994; Peletier et al.
1994, 1995; Willick et al. 1995; Bottinelli et al. 1995; Moriondo et al. 1998; Haynes et al.
1999a,b; Palunas and Williams 2000) and conferences in Cardiff (Davies and Burstein 1995)
and South Africa (Block and Greenberg 1996). The effects of sample selection were taken
into consideration (Davies 1990; Disney et al. 1992; Davies et al. 1993, 1994, 1995; Jones
et al. 1996; Trewhella 1997; Trewhella et al. 1997). Using larger and carefully selected
samples, Huizinga and van Albada (1992); Peletier and Willner (1992); Valentijn (1994);
Giovanelli et al. (1994, 1995); Jones et al. (1996); Moriondo et al. (1998) arrived at the con-
sensus that the central regions are optically thick while the outer regions are more transparent.
This consensus on extinction was a factor of 2 higher than the values used in the Reference
Catalog (de Vaucouleurs et al. 1991). In relation to the Tully-Fisher relation, it proved to
be less susceptible to large corrections of the galaxy luminosities in the near infrared. In
addition, Tully et al. (1998), Giovanelli et al. (1995) and Masters et al. (2003) found that the
brighter galaxies also have more opaque disks.

General values of disk opacity were the goal of this method and these have been found.
Extinction measurements for single galaxies or far beyond the optical disk fall outside the
scope of this type of research. Using the inclination effects, a measurement can be made for
a class of spirals for which sufficient galaxies are included in the sample. The Universe is
certainly not lacking in galaxies so the trend with luminosity could be further explored or
possibly a trend with redshift. However, this can only be done by treating a group of galaxies
as uniform and drawing a conclusion for the whole of the disk. These results can in turn be
used to calibrate the Tully-Fisher relation, the original scientific motivation behind this line
of inquiry.
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1.4 Characterizing dust from stellar emission

Stellar emission from the disk of a spiral galaxy is attenuated by dust. The effect on the
disk’s photometric properties was one of the original science drivers behind the study into
dust properties. Apart from the inclination effects on a large sample of galaxies, the dust
extinction can be a parameter in a model of an individual disk, concerning either its rotation
curve or its light or color profile.

1.4.1 Dust and disk kinematics

The kinematic information from rotation curves observed in two different spectral ranges,
such as in the optical and radio, can also be used to estimate dust extinction (Goad and Roberts
1981), although two optical lines are used as well. If these differ significantly, the lines
emanate from different optical depths in the disk. Bosma et al. (1992), Byun (1993), Prada
et al. (1996), Giovanelli and Haynes (2002) and Valotto and Giovanelli (2004) conclude,
based on rotation curves, that the disks are not optically thick, transparent at the edges and
highly attenuated in the center. In contrast, Kregel et al. (2004) conclude that their optical
rotation curves are not very affected by dust extinction. This method is inherently sensitive
to the distribution of emitting and absorbing regions and likely biased towards low extinction
lines-of-sight.

Conversely, the dynamics of the disk also influence the dust distribution. Dalcanton et al.
(2004) show that the scale height of the dust lane in edge-on systems appears to depend on
the rotational velocity of the disk. They interpret this as a sign of turbulence occurring in
the smaller, less massive disks. Turbulence inflates the dust lanes, typical of edge-on spiral
galaxies.

1.4.2 Light models

Another approach to probe the dust content of spiral disks is to construct models of the light
distribution and the color in optical and near-infrared images of disks, both edge-on (Xilouris
et al. 1999) and more face-on (Peletier et al. 1995). They find an optical depth in the center of
the disk between 0.3 and 2.5 in V (Peletier et al. 1995; Kuchinski et al. 1998; Xilouris et al.
1999) although higher values were found by Block et al. (1994b).

Face-on and inclined disks

One approach is to look at the trend in the scale-length with photometric band. Peletier
et al. (1995) present such an analysis for Sb and Sc galaxies and conclude that these have
substantial extinction in the central regions, up to the effective radius. In addition they find
an extinction of A≈ 0.5 in B at the R25. These results are the most accurate for the inner parts
as photometry is easier on the brighter regions. Beckman et al. (1996) use the scalelengths
in the arm and interarm regions of several disks and compare these profiles with extinction
models. They find that spiral arms are more opaque than the disk and that the outer parts of
spirals suffer from relatively little extinction. Peletier and Balcells (1996) note how the ratio
of scalelengths in K and B changes with Hubble type, indicating how later types suffer from
more dust extinction than earlier type galaxies. Natali et al. (1992) and Pompei and Natali
(1997) also analyse face-on systems and derive severe dust extinction from a trend in the
scale-length with photometric band. Such an approach necessitates a series of assumptions
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on the distribution of stellar light and dust as well as the relative importance of the central
bulge.

Block et al. (1994b) use the V-K’ color to characterize a lower limit to the dust content
of two spiral galaxies. They conclude that cold dust is missed by IRAS observations. This
paper is part of a larger effort to obtain spiral morphology measurements unencumbered by
dust (Block and Wainscoat 1991; Block et al. 1994a; Block and Puerari 1999; Puerari et al.
2000; Buta and Block 2001; Block et al. 2001), with several detections of grand design spiral
arms in optically flocculent galaxies. Remarkably, Block et al. (1996) find that in NGC 2841
there are dark dust lanes in a spiral structure in the K band image. This may well be an
extreme example of extinction in a spiral disk but it does illustrate well that even in the near
infrared, dust extinction can influence our observations of spiral galaxies.

Phillips et al. (1991) convert profiles of CO flux to optical depths, compute the effects on
the light profiles and conclude that disks are optically thick in B, corroborated by IRAS fluxes
from their galaxies. This method, however, takes and average over the whole disk, both the
optically thick and thin parts. Graham (2001) explores the relation between central surface
brightness and scalelengths of the disks and finds only a small correction for inclination in
the K-band.

Edge-on disks

Kodaira and Ohta (1994) use the difference between the minor and major axis surface bright-
ness profiles in edge-on systems. They constrain the optical depth in the center of the system
with these differential extinction profiles. Their models depend a great deal on assumptions,
leaving much flexibility in the final estimate of dust content. Kylafis and Bahcall (1987);
Xilouris et al. (1997, 1998, 1999); Wainscoat et al. (1990) model the profiles of edge-on disk
galaxies and derive extinction values. Edge-on systems show the most dramatic effect of dust
on the disk: the characteristic dark dust lane. Xilouris et al. (1999) list the general conclu-
sions on disk opacity based on their models of edge-on galaxies. Their foremost conclusion
is that, seen face-on, these galaxies would be effectively transparent. The dust in the disk is
found to be flatter than the stellar distribution but more extended radially. The existence of
a cold component is suspected when the derived dust mass is compared to IRAS flux. The
drawbacks of edge-on systems is that the photometry observed is a superposition of large and
small scale structures along the line of sight. The models are degenerate in parameter space
and samples of perfectly edge-on galaxies are still small.

The earliest models for disk extinction were purely analytical (the “screen”, “slab” and
“triplex” models) in order to explain photometry and color of the disks. Later approaches
modelled the entire galaxy with a disk, bulge and dust disk. Any global model of bulge and
disk with an extinction component is automatically degenerate in its fit of the photometry and
ignores the effect of small scale structure of the dust on photometry. A more thorough ana-
lysis is to compute the light path of the photons in the disk in large Monte-Carlo simulations.
For example, Trewhella (1998) analyses the colors of NGC 6946 in a way that appears to be
the precursor to these later SED analyses of the energy balance of spiral disks.

1.5 Spectral energy distribution models

Another approach to characterize dust extinction in spiral disks are models where apart from
the light profile, the extinction profile is a free parameter. As the dust reradiates absorbed
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stellar light in the infrared and submillimeter part of the spectrum, a self-consistent model of
the disk’s emission explains the flux at all wavelengths. Recently, models have been matched
to the observations in multiple photometric bands, the Spectral Energy Distribution (SED).

This approach is much more sophisticated than the original estimates of the dust content
from reddening. By expanding into the UV and infrared part of the spectrum, the main en-
ergy source illuminating the dust and its cooling mechanism are well characterized. Calzetti
(2001) lists three drawbacks for SED modeling to characterize dust in disks: it needs a large
wavelength coverage and is therefore data-intensive. A more fundamental problem is that
different parts of the disk are sampled at different wavelengths if the optical depths are more
than unity. In addition, the emission of dust in the infrared depends on its temperature and
the composition of the dust. Only the heated parts of the dust clouds show up in the infrared.
The emission from cold and large dust grains in thermostatic equilibrium (T ≈ 20 K) peaks
more in the sub-millimeter part of the spectrum, which is much less accurately observed for
nearby disks. Especially low surface brightness emission from the colder outer parts of a disk
may be overlooked in these studies while this can be a substantial part of the dust in a spiral
disk.

Many models have been used for the treatment of the radiative balance in the spiral disk
using Monte-Carlo simulations of photons in the disk. Initial models to treat the radiative
transfer equations were either spherically symmetric (Witt et al. 1992; Witt and Gordon 2000)
and later cylindrically symmetric (Bianchi et al. 1996; Wood and Jones 1997) or used plane-
parallel geometry (Baes and Dejonghe 2001a,b). The more recent developments allow for
any type of emitter and absorber geometry specified by the observer and use the Monte-Carlo
approach. Several groups are developing simulations to explain the SED of spiral disks. One
group has developed the DIRTY (Dust IRradiative Transfer Yeah!) code to model SEDs
observed in a wide variety of astronomical objects (Gordon et al. 2001; Misselt et al. 2001).
Kuchinski et al. (1998) apply an early version of this code to spiral galaxies. They find that
spiral disks are not opaque at large radii and that the color gradient from extinction is much
smaller than the observed gradient. Such a gradient can easily be due to a population effect.

Baes and Dejonghe (2001a,b) find that scattering by dust plays an important role in the
observations, but the effect depends on the inclination angle. They conclude that the Monte-
Carlo approach is not the most computing efficient one but does allow for arbitrary geomet-
ries. Flexible geometry makes the programs extremely versatile, hence most models use this
approach now. Baes and Dejonghe (2002); Baes et al. (2003, 2004); Baes (2005) also in-
vestigate the effects of dust on the radiative transfer in spiral disks with their Monte-Carlo
code SKIRT. Their focus is on the effects of dust on the kinematic observations of spiral and
elliptical galaxies. In the case of spiral galaxies (Baes et al. 2003), their conclusion is that
only in perfectly edge-on systems, the effects of dust are severe but otherwise they are not.
In the case of face-on systems the effect on the velocity dispersion is minimal. These results
would be consistent with the observations by Kregel et al. (2004).

The SED of spiral galaxies, predominantly edge-on, is the focus of a series of papers by
Popescu et al. (2000), Misiriotis et al. (2001), Tuffs et al. (2004) and Dasyra et al. (2005).
They find that it is predominantly the young stellar populations which heat the dust in the
disk. Tuffs et al. (2004) derive stellar extinction from the Popescu et al. (2000) model. More
edge-on disks have recently been fitted (Kylafis 2005). Although these models are restricted
to a few perfectly edge-on galaxies, they do appear to mimic the observations very well. The
caveat for the light models applies here as well: the edge-on galaxies are a superposition of
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structures on several scales, with a degeneracy between the distributions of the illumination
and the absorbers.

Bianchi et al. (1996) also present Monte-Carlo simulatons of spiral disks in order to com-
pute the effect of scattering on extinction measurement and to predict the polarisation of disk
light. Ferrara et al. (1999) present a catalog of M-C models of dust extinction in galaxies.
Bianchi et al. (2000a) discuss the predicted far-infrared emission from spiral disks and model
NGC 6946. They find it to be optically thick from the UV-optical-FIR SED. However, they
assume a smooth distribution of both stars and dust and Bianchi et al. (2000b) discuss the
effects of clumping on the observed SED. They conclude that the model depends strongly on
the assumed spatial distribution and properties of the dust clumps.

An even more ambitious approach to the problem of dust in galaxy systems is that by
Jonsson et al. (2005) who apply their Monte-Carlo calculations to several stages in a galaxy-
galaxy merger to explain the photometric properties of high redshift galaxies and the Ultra
Luminous Infrared Galaxies (ULIRGs). Remarkably, they conclude that during the merger
the observed light stays the same while dust absorption scales with the intrinsic luminosity
during the merger. The escaping flux however depends on the viewing angle on the merging
system. They restate what is becoming increasingly clear, that a single extinction law cannot
be found for a superposed system such as a spiral galaxy’s disk.

This class of models for spiral galaxies, combining dynamical, photometric and even
chemical models of a disk, sometimes during an event as complex as a merger, are the most
thorough approach to explain the physics of such systems. However, these models must deal
with a great many variables and therefore deal with specific cases (a few perfectly edge-on
spirals e.g. Popescu et al. (2000)), or they are forced to make many assumptions to obtain
general predictions for galaxies.

The ratio between UV and IR

The first efforts towards characterizing dust extinction from the energy balance used the ratio
between ultraviolet (UV) and far-infrared (FIR) emission from a disk. This work grew out of
the need to calibrate the starformation estimate from the observed UV flux for the absorption
by enshrouding dust. As Calzetti et al. (1994) point out, there is no single reddening law
which can be used as the dust has a complex structure. By estimating the flux loss from
reradiated emission in the FIR, the starformation estimate is corrected properly, at least to first
order. However, the total dust content of the disk is underestimated as only the component
heated by the starformation regions is seen. This may well be only one side of a molecular
cloud.

A large number of papers deriving extinction values from the UV/IR ratio has appeared:
Xu and Buat (1995); Xu et al. (1997); Buat and Xu (1996); Wang and Heckman (1996);
Boselli and Gavazzi (1994); Rowan-Robinson (2003); Pierini and Möller (2003). Popescu
et al. (2005) compare the UV and the FIR fluxes of M101 on a pixel- to-pixel basis. With
improved resolution in both UV an FIR observations, it should be possible to characterize the
loss of UV flux better per star-forming region. Boissier et al. (2004) use the UV/FIR ratio
to obtain gas-to- dust ratios for several nearby galaxies. Calzetti (2001) already remarks that
these studies generally find lower disk extinction values for two reasons: often the opaque and
more transparent parts of the disk are averaged together and the UV selection of the samples
results in a bias towards lower extinction values.
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Wealth of data

Calzetti (2001) notes the problems associated with the observational work needed to quantify
SED models of spiral galaxies i.e. that it takes a cumbersome amount of data at similar spatial
resolution over a wide spectral range. These problems are currently being overcome by large
multi-mission surveys, such as the Spitzer Infrared Nearby Galaxy Survey (SINGS, Kennicutt
et al. (2003a)). The Spitzer Space Telescope and the GALEX mission provide coverage in
the infrared and ultraviolet to an unprecedented degree. The SINGS sample can constrain the
detailed predictions of the SED models discussed. The Sloan Digital Sky Survey (SDSS),
combined with the Two Micron All Sky Survey and GALEX observations provide a large
dataset to which the general predictions for galaxies by these simulations can be compared.
The wealth of data on either nearby galaxies or large numbers of galaxies is sure to result in
much better constrained models of spiral disks in the near future.

1.6 Dust emission

The emission of the dust grains has been increasingly well characterized in recent years. The
IRAS, ISO and Spitzer space observatories have observed the infrared emission from many
disks. In addition, observations in the sub-millimeter part of the spectrum have improved
with the SCUBA instrument on the JCMT mapping several disks of spiral galaxies. The
emission from dust does not only depend on the dust mass but also on its temperature and
composition. To find the temperature from the spectral energy distribution, observations at
several wavelengths in the mid-infrared to the sub-millimeter are needed. The mapping from
emission of a cold dust component in spirals, possibly associated with molecular clouds, has
proven to be difficult. The sub-millimeter observations, for instance, have to contend with
systematics from the sky. As a result, extended cold dust disks in spiral galaxies have been a
controversial subject.

Sub-millimeter emission is dominated by the larger colder dust grains, which may contain
a large portion of the dust mass. Provided the temperature is low enough, not much emission
will show in the infrared part of the spectrum. The results from IRAS (Nelson et al. 1998),
ISO (Alton et al. 1998b; Davies et al. 1999; Trewhella et al. 2000; Radovich et al. 2001;
Popescu and Tuffs 2003) and later the SCUBA instrument (Alton et al. 2001a,c; Thomas
et al. 2004; Stevens et al. 2005; Meijerink et al. 2005) have inferred from sub-millimeter
emission the presence of a cold and extended dust component.

The extent of these cold dust disks has been generally estimated as larger than the optical
stellar disk and within the HI disk. Radovich et al. (2001) agree with the slightly larger scale-
length found by Xilouris et al. (1999) for extinction, while Popescu and Tuffs (2003) find that
the cold dust component extends as far as the HI. Remarkable is that Xilouris et al. (1998)
and Popescu and Tuffs (2003) base these conclusions on the same galaxy, NGC 891, but on
different techniques, extinction and emission respectively. There is some agreement from the
FIR and sub-mm observations that there is a cold disk, just not on what its extent is.

What most of these authors do agree on is that a large fraction of the dust mass in a spiral
galaxy’s disk is likely hidden in this colder dust component. Since it may be associated with
the molecular gas component, there could be quite some mass in this cold ISM. However, how
the mass and the emission are related in the dust emissivity remains uncertain. The existence
of cold dust at large radii poses the question of how it got there. It implies that either part of
the material in the HI disk is not primordial but accreted from another system. Or that the



10 CHAPTER 1: THE DUST CONTENT OF SPIRAL GALAXIES

galaxy’s own energy input into the ISM (supernovae, stellar winds) has transported it there in
an earlier epoch. Another option is that it formed in situ earlier. Infall, outflow and formation
probably all play some role and a good characterization of how much dust there is in a spiral
disk, is only a first step in answering which process dominated.

These observations are essential to constrain the SED models discussed in the previous
paragraph. And, combined with better heating and emission models for the various types of
dust grains, they reveal the composition and distribution of interstellar dust in a spiral disk.

1.6.1 Dust composition from emission

A recent model for the interaction between dust particles and stellar radiation is presented by
Draine and Li (2001); Li and Draine (2001). This model uses the microphysics of dust and
photon interaction to explain the observed infrared spectral features of galaxies. From these
observations, the relative importance of large dust grains, small ones and complex molecules 2

as well as their energy environment can be derived. Infrared spectra from galaxies can -with
the help of these models- reveal the composition of the dust across a disk, and the effects of
metallicity. However, these IR observations favour the parts of dust clouds which are exposed
to much stellar radiation. As a result, these will reveal the dust composition, but possibly not
the total content in a spiral disk. This work falls largely outside the scope of this thesis.
However, for a good comparison between fluxes from the dust and extinction measurements,
an understanding of the composition and radiative properties of dust grains is very necessary.
A good overview of the observed properties of interstellar dust grains is by Draine (2003).

1.7 Direct extinction measurements

All the preceding measurements of dust in spiral disks use the disk’s own light to estimate
the amount of dust in the disk. There are two methods that use an external light source as a
reference to estimate the opacity in a spiral disk. The first uses an occulted galaxy pair and
the second the distribution of distant galaxies. The history of this last technique is elaborated
upon as this one is used for the work in this thesis.

1.7.1 Occulting galaxies

The other way to directly measure the opacity through a foreground disk of a spiral galaxy
is the occulting galaxy technique. White and Keel (1992) proposed this method. The ideal
pair is illustrated in Figure 1.1, with the relatively face-on spiral backlit by a partly occulted,
preferably early type, galaxy. The well known photometric profile of early type galaxies is
to be preferred as a background source, but Keel and White have published on other pairs of
galaxies as well (Figure 1.2).

The basic assumption of their method is that the light from both the occulted galaxy
and the foreground galaxy is sufficiently symmetric to characterize the contributions in the
overlapping region from the unocculted parts of the galaxies. Chapter 3 (Holwerda et al.
2005b) verifies the earlier Keel and White opacity measurements using calibrated counts of
distant galaxies seen through other nearby disks. At greater distances only the Keel and
White method may be applicable, using high resolution data. The main advantage is that

2The comprehensive term for these are polycyclic aromatic hydro-carbon (PAH) molecules. Their properties are
something in between bigger dust grains and the smaller interstellar molecules.
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Figure 1.1: The optimal geometry for
the occulting galaxy technique. The flux
from the foreground spiral galaxy F ,
and the background galaxy B, with flux
contributions from the non-overlapping
parts denoted by a prime. The optical
depth of the foreground disk can be es-
timated using e−τ ′

= F+Be−τ−F ′
B′ . The

assumption is that the difference in both
F and F ′ and B and B ′ are small.
Provided the difference in line-of-sight
velocities is large enough, spectroscopy
can be used to separate out the contribu-
tions to the overlap regions (F and B).

Figure 1.2: NGC 3314, the
galaxy pair analysed by Keel
and White (2001b). This pair
is two occulting spiral galax-
ies. The optimal configuration
for the occulting galaxy method
(Figure 1.1) is rare and other
pairs like this one were ana-
lysed as well.

the occulting galaxy method does not rely on the assumption of a reddening law to derive
opacity. From purely differential photometry, an opacity estimate can be found and in the
case of multi-band photometry, a reddening relation as well.

Nearby pairs were initially investigated using ground based data, both imaging (Andreda-
kis and van der Kruit 1992; Berlind et al. 1997; Domingue et al. 1999a; White et al. 2000),
and spectroscopy (Domingue et al. 2000). Subsequently, using the HST, a more detailed pic-
ture of dust in these nearby disks emerged (Keel and White 2001a,b; Elmegreen et al. 2001).
Initially, the extinction law was found to be greyer than the Galactic one (Berlind et al. 1997;
White et al. 2000) and this was interpreted as an indication that the dust in disks is clumpy.
However, with higher-resolution data, the extinction law was found to be consistent with a
Galactic one by Keel and White (2001a,b). The structure of the extinction appears fractal.
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The extinction law from these measurements is grey when measured on linear scales larger
than a 100 pc. in the foreground disk.

The occulting galaxy technique works really well for the rare pairs to which it is ap-
plicable. The assumptions that both foreground and background galaxy are fully symmetric
remains the greatest source of uncertainty. The number of suitable pairs seems exhausted for
the nearby universe.

1.7.2 Counts of distant galaxies

The occasional observation of a distant galaxy through the disk of a spiral galaxy (e.g. Roen-
nback and Shaver (1997); Jablonka et al. (1998)), has sparked assertions that spiral disks
cannot be as opaque as sometimes is claimed. However, the distant object is seen only along
one line-of-sight through that disk. The number of distant galaxies seen through a galaxy
and how this number changes as one goes to the center of the foreground galaxy would be
much more revealing. The possibilities were realized early on and counts of distant galaxies
have been published with some regularity. Historically, most of these were on the Magellanic
Clouds. These are close-by systems, thought to be optimal for this technique. More recently,
with the arrival of CCD and later Hubble Space Telescope images, counts and colors of dis-
tant galaxies through other galaxy disks have also been reported.

The Milky Way

Counts of galaxies have been used to measure the dust extinction within our own Galaxy for
some time. Hubble (1934) noted that the the variation of galaxy number counts with Galactic
latitude is consistent with a layer of absorption in the Galactic plane. Holmberg (1958) found
that the color of spiral galaxies was dependent of Galactic latitude after correction for redshift
and internal reddening.

Shane and Wirtanen (1967) published their comprehensive galaxy counts and these were
subsequently used by Heiles (1976); Burstein and Heiles (1978a,b, 1982) to characterize
extinction in the Milky Way. In addition, de Vaucouleurs and Malik (1969) showed that
differences in optical depths derived by Hubble (1934) and Shane and Wirtanen (1967) can
be attributed to biases in the counts. In a series of papers, Heiles (1976) and Burstein and
Heiles (1978a,b) discuss the relationships between HI column density, the Shane and Wir-
tanen (1967) galaxy counts, and reddening. Heiles (1976) also addresses the influence of
both the photometric profile and the apparent angular diameter on the probability of detec-
tion of the distant galaxy.

Burstein and Heiles (1978b) elaborated on the effects of variable background when com-
paring number counts; they also concluded that the (Poisson plus clustering) variance in
the Shane and Wirtanen (1967) number counts was strong enough to prevent an accurate
determination of extinction toward the Galactic poles. The end result of their work was
Burstein and Heiles (1982), which was the primary reference for estimating Galactic extinc-
tion of extragalactic objects until the maps of Schlegel et al. (1998), who use the IRAS and
COBE/DIRBE 100 µm maps. Both estimates of Galactic extinction are given by the NASA
Extragalactic Database (NED) for extragalactic objects but the Schlegel et al. (1998) results
are now mostly quoted in the literature. The reliance on the Schlegel et al. (1998) result is
such that Fukugita et al. (2004) use this map and the colors of the distant galaxies in the
SLOAN survey to calibrate the photometry.
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Table 1.2: Galaxy Counts in the Magallenic Clouds
Author Galaxy Data Nr Galaxies Lim. Mag. Remarks
Shapley (1951) LMC 24.4 deg2 293 18

SMC 12 deg2 190
Wesselink (1961b) SMC 63 deg2 240 (1),(2)
Hodge (1974) SMC 85 deg2 B,V 2545 54/deg2 B<17.5 (3), (4)

V<17
Hodge and Snow (1975) SMC V<15 (5)
MacGillivray (1975) SMC 32 deg2 4937 (330/deg2) B<23 (4) ,(6)
Gurwell and Hodge (1990) LMC 96 V ≈ 22 (7)

B ≈ 23
Dutra et al. (2001) LMC Spectra

SMC Spectra

1. Wesselink (1961b) used a scoring system for the quality of the identification of the “nebulae” found. Also
note that he used some archival data.

2. Wesselink (1961b) used two photographic plates back-to-back (the photographic emulsions touching) for
comparison counts to quantify the effects of crowding on field galaxy identification. The crowding correction
factor was about 50%.

3. Hodge and Snow (1975) remark on the crowding problem and omit the most dense part of the SMC. The
data was eventually published in Hodge and Wright (1977).

4. Hodge and Snow (1975) and MacGillivray (1975) both compare their field galaxy counts to the HI profile.

5. Hodge and Wright (1977) give the limiting depth of the data. The actual detection limit of field galaxies is
several magnitudes higher.

6. MacGillivray (1975) quantifies and corrects for crowding.

7. Gurwell and Hodge (1990) use two independent observers and compare their individual identification rates.
They also quantify the effects of crowding with an emulsion-to-emulsion “synthetic field”.

8. Gurwell and Hodge (1990) note that the identification is a function of the brightness of the field galaxy.

Concluding from Humason et al. (1956); Baum (1959) that the luminosity and color of
the brightest cluster ellipticals have a small spread, Peterson (1970) uses their colors and
magnitudes to measure Galactic extinction and reddening. Following a similar reasoning,
Sandage (1975) uses the color and magnitude of radio galaxies in a galaxy group. Addi-
tionally Sandage (1976) determines reddening and absorption from the brightest E and S0
galaxies from a cluster in the zone of avoidance. Unfortunately, the need for an identified
cluster limits these measurements towards the lower extinction regions.

Recently Choloniewski (1991); Choloniewski and Valentijn (2003a,b) published an ex-
tinction map based on the surface brightnesses in R and B band of galaxies in the ESO-LV
catalog (Lauberts and Valentijn 1989a,b).

The Magellanic Clouds

Shapley (1951) reported the first use of the distribution of background galaxies as an indic-
ator for the dust opacity of a galaxy other than our own: the Small and Large Magellanic
Clouds (SMC and LMC respectively hereafter). He reported a completely transparent Small
Magellanic Cloud and some opacity in the LMC based on the numbers of galaxies found on
large photographic plates.

The transparency of the SMC was the accepted wisdom for some time until Wesselink
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(1961b) repeated galaxy counts on new higher resolution photographic plates, mostly spe-
cifically taken for the purpose of galaxy counts. Additional innovations were a grading sys-
tem for the quality of object identification and a rudimentary estimate of the loss of galaxy
numbers due to crowding. Hubble (1934) had argued that the loss and gain from misidentific-
ation in crowded fields were roughly equal. Wesselink’s experiment, counting the same field
of galaxies twice, once with a crowded starfield added, showed however that half of the field
galaxies were lost due to the crowding effects. Wesselink (1961b) did find opacity in the SMC
from the ratio of galaxies found inside and outside the SMC. In addition, Wesselink (1961a)
made an attempt to compare stellar colors to the dust opacities found from galaxy counts.
The debate went on as this counting method was compared to several others to estimate dust
opacities.

The existence of absorption in the SMC was later confirmed by two independent galaxy
counts by Hodge (1974) and MacGillivray (1975). The Hodge (1974) paper was part of a
larger effort to classify all objects in the SMC, eventually published by Hodge and Wright
(1977). These were still visual counts made from photographic plates but they were compared
to maps of HI column density and their primary results were the inferred gas-to-dust ratios.
The two results varied by a factor of two in average gas-to-dust ratio but both concluded that
it was at least not inconsistent with the ratio found in our own Galaxy. Hodge and Snow
(1975) also list bright galaxies behind the LMC for further study.

Hodge (1974) compares his results with the two earlier counts by Shapley (1951) and
Wesselink (1961b) (Figure 1.3) and shows all three are at least internally consistent. He does
note that the original conclusion from Shapley (1951) was influenced by misidentification of
a large number of foreground objects. MacGillivray (1975) calibrates his counts by using the
’stellar masking’ relation found from 47 Tuc where the loss of field galaxies is purely due to
crowding.

Figure 1.3: A comparison
between the numbers of dis-
tant galaxies found as a func-
tion of radius for the SMC.
Data was taken from Hodge
(1974), Figure 8 for the three
studies. The points are from
the data originally presented by
Shapley (1951) (scale on the
right vertical axis), the solid
line from Hodge (1974), and
the dashed line are the counts
from Wesselink (1961b) (the
two latter are both scaled on the
left vertical axis). The differ-
ent scales of the counts are il-
lustrative of the effects of data
quality on the number of distant
galaxies identified.
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In addition, Hodge (1969) points out that the colors of the distant galaxies offer a then
unexplored method to test absorption in the Magellanic Clouds even though an attempt was
made already by Wesselink (1961a).

A later count of galaxies behind the LMC was done by Gurwell and Hodge (1990). They
address the problem of observer bias in the identification of field galaxies in the crowded
fields of the LMC (Figure 1.4). While they do find a decrease in the number of field galaxies
near the center, they describe this result as ’highly tentative’ due to the problems in identific-
ation, crowding and limiting magnitude.

Figure 1.4: The comparison
Figure in Gurwell and Hodge
(1990) showing the discrep-
ancy in number counts between
the two observers, Gurwell and
Hodge. Galaxy counts are very
much dependent on the identi-
fication process.

Much more recently Dutra et al. (2001) obtain spectra of the nuclei of field galaxies seen
through the LMC and SMC, spectroscopically confirming their identity and determining the
reddening. Very little reddening was found and they conclude that many more galaxies would
be needed to map the dust.

Krienke and Hodge (2001) measure the colors of clusters imaged with the Hubble Space
Telescope throught the disks of nearby dwarfs. They do find significant reddening in the case
of the SMC.

See Table 1.2 for the respective depths, methods and targets of these measurements of the
opacity of the Magellanic Clouds, mostly using visual counts.

Other galaxies

Counts of field galaxies as an extinction tracer have mostly been applied to the Magellanic
Clouds. But in recent years high resolution deep imaging from both ground and space have
made identification of field galaxies through the disk of nearby spiral galaxies possible. It is
interesting to note that some of the field galaxies of Shapley (1951) are of the same apparent
magnitude as the foreground galaxies from González et al. (1998). See for the details of the
various observations on the opacity of other spiral galaxies Table 1.3.
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Table 1.3: Galaxy counts in other galaxies
Author Galaxy Data Nr Galaxies Lim Mag Comp. Fields
Zaritsky (1994) NGC 2835 B,I 1862 I<21 outer part

NGC 3521 0.12 deg2 1334 of fields
Lequeux et al. (1995) NGC 7814 V,I 42”× 42” 14 24<V<27 average color
González et al. (1998) NGC 4536 HST/WFPC2 64 I < 24,25 HDF-N

F555W, F814W
NGC 3664 HST/WFPC2 38 I < 22.8 HDF-N

F555W, F814W
Wyder and Hodge (1999) M31,SMC HST/WFPC2 -
Cuillandre et al. (2001) M31 CFHT V,I I < 22.5 CFHT field
Krienke and Hodge (2001) DDO216 HST/WFPC2 -

IC1613 F814W, F300W -
SMC -

The first attempt to use the field of galaxies as a probe of dust opacity in galaxies other
than a Magellanic Cloud was by Zaritsky (1994). He uses the average color of the background
galaxies compared to published values for field galaxies. His conclusions are that there is
substantial dust absorption in the halo of two spiral galaxies.

Again Lequeux et al. (1995) use the reddening of field galaxies -not their number- seen
in the outer regions of NGC 7814 as a dust indicator.

Wyder and Hodge (1999) attempt to detect field galaxies in HST images of very crowded
regions in the center of the SMC and nearby globular clusters in M31. This proves to be too
ambitious, even with stellar subtraction.

Cuillandre et al. (2001) measure dust opacities, reddening and gas-to-dust ratios from
counts of field galaxies and the average stellar color in a field in M31. They do note that the
number of field galaxies is too sparse to draw meaningful conclusions. Additionally, Krienke
and Hodge (2001) measure the reddening of clusters of galaxies seen through nearby galaxies
by HST.

1.7.3 Calibrated Counts

Why use distant galaxies?

Given the problems the previous studies faced, what are the intrinsic benefits of using distant
galaxies as a probe of extinction in a foreground disk? First it is one of two methods of direct
measurement through a spiral disk. Most of the other methods use the disk light itself in
some way, necessitating assumptions on its distribution and its relation to the absorbing dust.
The method is the only one universally applicable to nearby galaxies. The field of galaxies
is ubiquitous behind foreground disks and a measurement can always be made, provided one
accounts for the cosmic variance. There are no selection effects for either the dust population
-it can be diffuse or clumpy, hot or cold- or the foreground disk itself. Crowded fields make
the method uncertain but do not prevent a measurement. The opacity measured this way can
independently determine the extended disk of cold dust that has been claimed in several cases
from submillimeter emission.

However the counts clearly need to be calibrated for the effects of the disk, if the results
are to become better than ‘tentative’.
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A new method: calibrated counts

To properly derive the dust extinction in a galaxy disk from the number of distant galaxies,
the counts need to be calibrated for the separate effects of crowding and confusion due to
foreground objects. González et al. (1998) developed the “Synthetic Field Method” (SFM)
in order to calibrate the number of distant galaxies seen in an HST image of a spiral galaxy
disk. A synthetic field is the original science field with a suitable deep field added. The deep
field is progressively dimmed to mimic dust in each sequential synthetic field. Then the re-
lation between the number of retrieved synthetic background galaxies and dimming is found.
From this relation and the number of distant galaxies actually identified in the science field,
the average extinction in the science field is derived. This calibration scheme adds great ad-
vantages to the method using counts of distant galaxies as an extinction probe. The foremost
advantage of this method is that now the extinction by a foreground disk can be quantified
using the number of distant galaxies. The effects of crowding and confusion are the same for
science and synthetic fields and therefore are calibrated out. Problems with identification of
the distant galaxies by different observers (such as illustrated in Figure 1.4) can also be cir-
cumvented. Provided the identification of distant objects is the same in synthetic and science
fields, the derived extinction is calibrated for any observer bias. The method also promises to
be applicable for any galaxy for which HST imaging is available.

The SFM as presented by González et al. (1998) also has some drawbacks. The meas-
urement for an individual disk remains very uncertain due to the poor statistics in a single
field and the additional uncertainty due to cosmic variance in the number of distant galaxies
in a given field. In addition, the SFM used to be very laborious as the identification of distant
galaxies in both synthetic and science fields had to be done by eye. And a SFM measurement
still corresponds to a relatively large section of the foreground galaxy.

In order to obtain better measurements, better statistics on the background galaxies are
needed. González et al. (1998) already found that deeper fields did not yield significantly
greater numbers of identifiable distant galaxies. More improvement can be obtained by
adding solid angle to the measurement, for instance by combining the counts from several
WFPC2 fields already in the archive. González et al. (2003) provide the expected limita-
tions of field galaxy counts in HST images. According to their considerations, spiral disks at
intermediate distances are the optimal candidates for SFM analysis.

1.8 Motivation of this thesis.

The goal of this thesis was to improve the statistics of the SFM measurements of disk opacity.
This could best be done by more counts of distant galaxies in more fields and combining
these into a general opacity estimate of a typical spiral galaxy disk, or characteristic sections
thereof.

Since the counts would be combined, the identification and processing needed to be as
uniform as possible over the largest available solid angle. Therefore, the first priority was to
automate the method. Subsequently, the SFM was to be applied to 32 archival HST/WFPC2
fields, mostly from the HST Distance Scale Key Project, in order to analyse as much solid
angle as possible. General characteristics of the opacity of a spiral disk can then be obtained
as these counts are compared as a function of radius, surface brightness or other disk charac-
teristics.

Most of the following chapters have been submitted and published as papers and they are
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self-contained sections with separate introductions, descriptions of the method and conclu-
sions. The conclusions are again summarized in chapter 9 and the method is most compre-
hensively treated in chapter 2.

The maximum science results have been obtained from the available data thusfar, the
WFPC2 fields. In the meantime, more suitable datasets have been taken and become publicly
available. More science results from counts of distant galaxies through a foreground disk are
therefore to be expected in the future.
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Abstract
Dust extinction in spiral disks can be estimated from the counts of background field galaxies,
provided the deleterious effects of confusion introduced by structure in the image of the
foreground spiral disk can be calibrated. González et al. (1998) developed a method for
this calibration, the “Synthetic Field Method” (SFM), and applied this concept to a Hubble
Space Telescope (HST)/Wide Field Planetary Camera 2 (WFPC2) image of NGC 4536. The
SFM estimates the total extinction through the disk without requiring assumptions about the
distribution of absorbers or disk light. The poor statistics, however, result in a large error
in individual measurements. We report on improvements to and automation of the Synthetic
Field Method (SFM) that render it suitable for application to large archival datasets. To
illustrate the strengths and weaknesses of this new method, the results on NGC 1365, an SBb
galaxy, and NGC 4536, an SABbc, are presented. The extinction estimate for NGC 1365 is
AI = 0.6+0.6

−0.7 at 0.45 R25, and for NGC 4536 it is AI = 1.6+1.0
−1.3 at 0.75 R25. The results

for NGC 4536 are compared with those of González et al. (1998). The automation is found
to limit the maximum depth to which field galaxies can be found. Taking this into account,
our results agree with those of González et al. (1998). We conclude that this method can
only give an inaccurate measure of extinction for a field covering a small solid angle. An
improved measurement of disk extinction can be done by averaging the results over a series
of HST fields, thereby improving the statistics. This can be achieved with the automated
method, trading some completeness limit for speed. The results from this set of fields are
reported in a companion paper (Chapter 3, Holwerda et al. (2005b)).
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2.1 Introduction
The question of how much the dust in spiral galaxies affects our perception of them became
a controversial topic after Valentijn (1990) claimed that spiral disks were opaque. Valentijn
based his conclusion on the apparent independence of disk surface brightness on inclination.
Disney (1990) objected to this conclusion, claiming instead that galaxy disks are virtually
transparent and that Valentijn’s results were due to a selection effect. Others joined the con-
troversy, and within a few years a conference was organized to address the question of how
best to determine galaxy disk opacity and what results could be obtained (Davies and Burstein
1995).

Notably, White and Keel (1992) proposed a method to determine the opacity of a fore-
ground disk galaxy in the rare cases where it partially occults another large galaxy. This
technique has been followed up extensively with ground-based optical and infrared imaging
(Andredakis and van der Kruit 1992; Berlind et al. 1997; Domingue et al. 1999a; White et al.
2000), spectroscopy (Domingue et al. 2000), and Hubble Space Telescope (HST) imaging
(Keel and White 2001a,b; Elmegreen et al. 2001). Their results indicated higher extinction in
the arms and a radial decrease of extinction in the inter-arm regions. In addition, the highest
dust extinction was found in the areas of high surface brightness. The sample by White &
Keel of ∼20 suitable pairs seems now to be exhausted. This method furthermore assumes
symmetry for the light distribution of both galaxies, so that a method independent of the light
distribution is needed to confirm the results.

Instead of a single large background galaxy, the general field of distant galaxies can be
used as a background source. Hubble (1934) noted the apparent reduction in the surface
density of background galaxies at lower Galactic latitudes. Burstein and Heiles (1982) pub-
lished a map of Galactic extinction based on the galaxy counts by Shane and Wirtanen (1967).
Studies of extinction in the Magellanic clouds based on field galaxy counts have been done
regularly (Shapley 1951; Wesselink 1961b; Hodge 1974; MacGillivray 1975; Gurwell and
Hodge 1990; Dutra et al. 2001). More recently, attempts have been made to use field galaxy
counts in order to establish the opacity in specific regions of nearby foreground galaxies from
ground based data (Zaritsky 1994; Lequeux et al. 1995; Cuillandre et al. 2001). Occasion-
ally, the presence of field glaxies in a spiral disk is presented as anecdotal evidence of galaxy
transparency (Roennback and Shaver 1997; Jablonka et al. 1998). The results of these studies
suffer from the inability to distinguish real opacity from foreground confusion as the reason
for the decrease in field galaxy numbers.

González et al. (1998) (hereafter Paper I) introduced a new approach to calibrate fore-
ground confusion which they called the “Synthetic Field Method” (SFM). While this new
method can provide the required calibration for specific foreground galaxies, it is labor in-
tensive and therefore ill-suited for the study of larger samples of galaxies of various types. In
this Chapter we present the first results from a project to automate major steps in the SFM.
After first providing a brief summary of the major features of the method, we describe how it
was automated and what improvements we have made. As an illustration we applied the new
automated method to two galaxies, NGC 4536 and NGC 1365, and compared the results of
our improved algorithms with those obtained on the former galaxy by González et al. (1998).
In a companion paper (Chapter 3 Holwerda et al. (2005b)) we report on our application of
the method to a data set consisting of 32 HST/WFPC2 pointings on 29 nearby galaxies.
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Figure 2.1: A schematic of the Synthetic Field Method (SFM). First, field galaxies are iden-
tified in the science field by a combination of automatic and visual selection. Secondly, a
a HDF field is added to the science field in a series of simulations with different opacities.
Field galaxies are selected from these simulated fields. Equation 2.3 is fitted to these and
uncertainties are estimated. Finally, the intersection between that relation and the number of
galaxies gives the opacity of the area under consideration. In this case, the WF3 chip of NGC
1365 has an average extinction of 0.18+0.47

−0.47 magnitude.
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2.2 The Synthetic Field Method

Figure 2.1 shows a schematic of how the SFM is applied. Deep exposures of a nearby galaxy
are obtained with the WFPC2 on the HST and background field galaxies are identified. Syn-
thetic fields are then created by adding exposures from the (HDFs Williams et al. (1996,
2000)) and the background field galaxy counts are repeated. The ratio of the surface dens-
ity of real field galaxies to that of the HDF galaxies for any given region is a measure of
the opacity in that region of the foreground galaxy. In practice, a series of synthetic fields
is created with successively larger extinctions applied to the HDF galaxies until a match is
obtained with the real field galaxy count, thus providing a quantitative measure of opacity in
the foreground system. The method provides a way of calibrating the deleterious effects of
confusion caused by the granular structure of dust, stars and luminous gas in the foreground
galaxy. These effects are dramatic; for example, a typical single WFPC2 chip (1’.2 × 1’.2)
in the HDF may contain some 120 easily-identified background galaxies. This can drop to
only 20 or 30 HDF galaxies when the foreground galaxy is present, and this number becomes
even smaller for the larger values of a simulated foreground opacity. Counting background
galaxies is therefore a battle against small number statistics, and reliable results are difficult
to obtain on a single foreground galaxy. However, the method can in principle be applied
to many nearby galaxies, and average opacities obtained, e.g., as a function of radius for a
sample of galaxies of similar morphological type.

2.2.1 Limits of the Synthetic Field Method

González et al. (2003) have discussed the broad limitations of the method in terms of the
optimum distance interval for which it can be used most effectively, given current and future
ground and space-based imaging instruments. Two effects compete to limit the distance to
which the SFM can be applied: First, if the foreground galaxy is too close, confusion from
the “granularity” in the images, caused by a more resolved foreground disk, further reduces
the number of bona fide field galaxies. Second, if the foreground galaxy is too distant, the
small area of sky covered also reduces the numbers of field galaxies that can be used. These
two effects conspire, such that the optimum distance range for the Synthetic Field Method
with HST/WFPC2 observations is approximately between 5 and 25 Mpc. Within this range
there are of course many hundreds of galaxies visible to HST. However, now we are hindered
by another limitation of the specific implementation of the Synthetic Field Method used by
González et al. (1998), namely, that the identification of background and synthetic galaxies
was carried out entirely visually, a time-consuming and laborious process. Clearly, if any
real progress is to be made, the process of identifying the field galaxies has to be automated
(Holwerda et al. 2001, 2002a). Automated field galaxy identification has the benefits of speed
and consistency across the datasets. Conversely in paragraph 5.1 we illustrate how it imposes
a brightness limit on the selected objects.

2.3 Automation of the method

We automated three steps in the Synthetic Field Method: first, the processing of archived ex-
posures to produce combined images; second, the construction of catalogs of objects of sim-
ulated and science fields; and, finally, the automatic selection of candidates for field galaxies,
based on the parameters in the catalogs. A visual control on the process was retained by
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reviewing the final list of candidate field galaxies in the science field. We now describe each
step in the entire process in more detail.

2.3.1 Processing archival WFPC2 data

When data sets are recovered from the HST archive, the most recent corrections for hot
pixels, bad columns, geometric distortions and the relative Wide Field (WF) and the Planetary
Camera (PC) CCD positions for the observation date are applied in the archive’s pipeline
reduction. This pipeline system provides the user with a science data file and a quality file
with positions of the bad pixels (Swam and Swade 1999).

In order to stack multiple exposures, corrected for small position shifts and with the cos-
mic rays removed, we used the ’drizzle’-method (Mutchler and Fruchter 1997), packaged in
routines under IRAF/pyraf, with an output pixel scale of 0.5 of the original pixel and PIX-
FRAC between 0.8 and 1.0, depending on the number of shifts in the retrieved data. The
PIXFRAC parameter sets the amount by which the input pixel is shrunk before it is mapped
onto the output plane; a PIXFRAC lower than unity improves the sampling of the stacked
image.

We developed a custom script to combine all exposures using python with the pyraf pack-
age (Greenfield and White 2000), on the basis of examples in the Dither Handbook (Koeke-
moer 2002). The images are prepared for crosscorrelation in order to find the relative shifts;
the background was subtracted (sky) and all none-object-pixels were set to zero (precor).
Subsequently, crosscorrelation images between exposures were made for each of the four
CCDs (crosscor). The fitted shifts from these were averaged (shiftfind, avshift). Any rota-
tion of an exposure was calculated from the header information and ultimately derived from
the spacecraft orientation provided by the guide stars. 2 All original exposures were shifted
to the reference coordinates, and a median image was constructed from these (imcombine).
The median image was then copied back to the original coordinates (blot). The cosmic rays
in each exposure were identified from the difference between the shifted median image and
the original exposure (driz cr). A mask with the positions of the cosmic rays and hot pixels,
identified in the data quality file, was made for each exposure.

The exposures were drizzled onto new images and separately onto a mosaic with cosmic
rays and bad pixels masked off (drizzle,loop gprep). The new pixel-scale is fixed at 0”.05,
but to check the choice of PIXFRAC value, the script computed the rms of the weight image
output from drizzle. The rms standard deviation should be between 15 and 30% of the mean.

For both galaxies used as examples here, there are many exposures made over several
epochs. However the shifts for NGC 4536 are smaller than one original pixel (0”.1), and the
bad columns of the CCD detector are unfortunately not covered by good pixels from other
exposures (see Figure 2.2). Several exposures for NGC 1365 display shifts greater than a
pixel, which helps to cover the bad columns and results in a cleaner looking image (Figure
2.8 and Appendix A.5). In both cases the number of shifts was sufficient for a PIXFRAC of
0.8 with the new pixel scale of 0”.05.

2The uncertainty in the orientation angle is the result of uncertainties of a few arcseconds in the positions of
guide stars with a separation of a few arcminutes. Therefore, this uncertainty is an order of magnitude smaller than
the uncertainties in right ascension and declination of the pointing.
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Figure 2.2: The mosaic made of the HST/WFPC2 exposure of the NE arm of NGC 4536,
the inset is the Digital Sky Survey image with the WFPC2 footprint. Because of the lack of
a dither greater than one pixel between epochs, some of the effects of masked bad columns
can still be seen. See Appendix A.22 for a color version.

2.3.2 Making object catalogs

A modified version of Source Extractor v2.2.2 (SE, Bertin and Arnouts (1996)) was used to
generate catalogs of objects for the science fields and simulations. The F814W (“I”-band)
fields were used for detection. Catalogs for the F555W (“V”-band) fields were constructed
using the dual mode; the photometry was done on the V field using the I apertures. All the
structural parameters were derived from the I images. In Table 2.1 we list our choice of SE
input settings. Table 2.2 lists the intrinsic output parameters from SE, and Table 2.3 the new
output parameters we added. In addition, the position of objects on the CCD and on the sky
are in the catalogs.

It was already noted by Bertin and Arnouts (1996) that the success of SE’s native
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Table 2.1. Source Extractor Input Parameters

Parameter Value Comments

PIXEL SCALE 0.05 Scale in arcsec after drizzling
SEEING FWHM 0.17 FWHM of the HST PSF
BACK SIZE 32 Background estimation anulus.
BACK FILTERSIZE 3 Background estimation smoothing factor.
BACKPHOTO TYPE LOCAL Photometric background.
BACKPHOTO THICK 32 Photometric background anulus.
DETECT MINAREA 10 Minimum number of pixels in object.
FILTER Y Smooth before detection?
FILTER NAME gauss 4.0 7x7.conv Smoothing kernel, gaussian

with 4 pixel FWHM.
DEBLEND NTHRESH 32 Number of deblending thresholds.
DEBLEND MINCONT 0.001 Deblending minimum contrast.
CLEAN Y Remove bright object artifacts?
CLEAN PARAM 1.5 Moffat profile β used for cleaning.
PHOT APERTURES 3,5,11,21,31 Fixed aperture diameters.
GAIN 7.0 Gain of the Wide Field CCD

star/galaxy classification parameter was limited to the very brightest objects. Several other
parameters are described in the literature for the classification of field galaxies. Abraham et al.
(1994) and Abraham et al. (1997) used asymmetry, contrast and concentration to identify the
Hubble type of galaxies. Similarly, Conselice (1997, 1999); Conselice et al. (2000); Bershady
et al. (2000) and Conselice (2003) used asymmetry, concentration, and clumpiness as classi-
fiers. By adding some of these parameters or our approximations of them to the SE code, we
obtained a better parameter space within which to separate field galaxies from objects in the
foreground galaxy.

2.3.3 Selection of field galaxy candidates using “fuzzy boundaries”

The characteristics as determined by SE for field galaxies and foreground objects are very
similar; for example, we show in Figure 2.3 the distribution of the FWHM of all objects and
that of the HDF galaxies. This similarity exists because there are many extended foreground
objects: star clusters, HII regions, artifacts from dust lanes, diffraction spikes near bright stars
and “objects” that are actually blends of several objects. The field galaxies also span a range
in characteristics, as can be seen in the HDFs. Simple cuts in parameter space can do away
with some objects that are clearly not field galaxies, but the field galaxies cannot be uniquely
selected that way.

In order to select objects most likely to be field galaxies, we developed a “fuzzy bound-
ary” selection method. From a training set of objects with known field galaxies, the fraction
of field galaxies in a bin of a relevant SE output parameter can be determined. Our training
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Table 2.2. Source Extractor Intrinsic Output Parameters

Name Description Unit Used Comments

A IMAGE major axis pixel *
B IMAGE minor axis pixel a
ELLIPTICITY 1 - B IMAGE/A IMAGE · · · *
FWHM WORLD FWHM assuming a gaussian core deg *
FLUX RADIUS Fraction-of-light radii pixel * b
ISOAREA IMAGE Isophotal area above pixel2 *

analysis threshold.
CLASS STAR S/G classifier output. · · · * c
MAG ISO Isophotal magnitude. mag d
MAG AUTO Kron-like elliptical mag

aperture magnitude.
MU MAX Peak surface brightness. mag / arcsec2 * e

above background.
MAG APER Fixed aperture magnitude. mag * f

aB IMAGE was not used in the calculation of the galaxy score. The information is already con-
tained in A IMAGE and ELLIPTICITY.

bFLUX RADIUS is the radius in pixels containing a given percentage of the flux. R eff would
be the FLUX RADIUS with 50% of the light.

cCLASS STAR is the SE output of a neural network classification based on the relative areas of
nine isophotes in each object. It is only reliable for bright objects and becomes a random value
between 0 and 1 for fainter ones (Bertin and Arnouts (1996)).

dMAG ISO, the total flux of all the pixels above the detection threshold. If the same pixels are
selected in the other filter by using dual image mode, the resulting color is more indicative of the
total object.

eThe ratio of MU MAX over MAG BEST (SE’s choice between MAG ISO and MAG AUTO
depending on crowding) provides a additional concentration index.

fMAG APER, the flux within the specified apertures (PHOT APERTURES). The fluxes from the
V and I catalogs are a color indicator. For the colors we use an aperture with a diameter of 3 and 5
pixels (0”.15 and 0”.25 respectively). This choice of small diameters was done to obtain a conservative
color estimate with minimal contamination from neighbouring objects in crowded fields.
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Table 2.3. Source Extractor Output Parameters we have added

Name Description Used Unit comments

CONCENTRATION Abraham concentration parameter * · · · a
CONTRAST Abraham contrast parameter * · · · b
SQR ASYMMETRY Point-asymmetry index · · · c

(difference squared)
ASYMMETRY Point-asymmetry index * · · · d

(absolute difference)
MAJOR AXIS ASYM Major axis asymmetry index · · · e
MINOR AXIS ASYM Minor axis asymmetry index · · · e
MOFFAT Computed Moffat magnitude mag f
MOFFAT RMS Ratio RMS deviation to · · · f

computed Moffat flux.
MOFFAT RES Ratio absolute residue to · · · f

computed Moffat flux.

aCONCENTRATION is the fraction of light in the central 30% of the objects area, measured
in an ellipse aligned with the object and having the same axis ratio. It is described in detail in
Abraham et al. (1996) Adapted from code kindly provided by Dr. I. Smail.

bCONTRAST is the fraction of object’s flux in the brightest 30% of the total number of
pixels. Also from Abraham et al. (1996) and courtesy of Dr. I. Smail.

cSQR ASYMMETRY =
∑

i
(Ii−Ij)

2

Ii+Ij
, where Ij is the counterpart of Ii, equidistant with

respect to the object’s center and rotated over 180◦. Described in Conselice (1997) and adapted
for SE by the authors.

dASYMMETRY =
∑

i
|Ii−Ij |
Ii+Ij

, where Ij is the counterpart of Ii, equidistant with respect to
the object’s center and rotated over 180◦. Based on the expression in Conselice et al. (2000)
and also incorporated into SE.

eMAJOR AXIS ASYM and MINOR AXIS ASYM are as ASYMMETRY, but the x,y posi-
tion of Ii is mirror of the x,y position of Ij with respect to the major or minor axes respectively.

fMOFFAT parameters: SE computes a Moffat profile ( I = I0
(1+αr2)β ) from the peak pixel

value (I0) and the detection threshold (a known value of intensity (I) at a known distance (r)
from the object’s center). We hoped that star clusters and foreground stars could be picked
out of our catalogs using their similarity to a typical Moffat profile. However, confusion from
blends prevented an easy selection. These parameters were not used in the computation of the
Galaxy score.
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Figure 2.3: The distribution of the FWHM (in pixels), determined by Source Extractor, of all
the objects in 21 of the science fields, averaged over the number of fields. The shaded area is
the histogram per WFPC2 field for HDF galaxies (both North and South). A selection limit
based on this parameter only would not have done nearly as well as our scoring system.

set consists of catalogs of the simulations with no artificial extinction of five galaxies in our
sample (NGC 1365 (A.5), NGC 2541 (A.8), NGC 3198 (A.11), NGC 3351 (A.13) and NGC
7331 (A.32)). In these catalogs, the added HDF galaxies were identified by their positions 3.
The fraction of HDF galaxies in a SE parameter bin can then be used as a probability that an
unknown object with a value in that bin is a field galaxy. By multiplying these fractions of
HDF galaxies for every relevant SE parameter (P i) for each object, an overall galaxy-likeness
score (P) for that object is obtained:

3The training set was identified by their positions. The selection of field galaxies was based on their properties,
not their position.
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P =
( ∏

Pi

(
∏

Pi) + (
∏

(1 − Pi))

)
(2.1)

We used the distribution of the log of these probabilities (log10(P )) as a sliding scale of
the galaxy-like quality of an object. The distribution of log 10(P ) for objects in 21 science
fields is plotted in Figure 2.4, with the distribution of HDF-N/S objects scaled for comparison.
The advantage of using an overall scale is that an object can fare poorly for one SE parameter
but still make the selection. This makes the boundaries for any single parameter in parameter
space of the field galaxies “fuzzy” 4. All the structural parameters marked in Tables 2.2 and
2.3, as well as the V-I color from the smallest aperture were used in computing the galaxy
score. The selection criterion is an overall score (log10(P )) greater than the log10 of the mean
score of all objects plus 2.5, that is:

log10(P ) > log10(Pmean) + 2.5 (2.2)

Field galaxies missed by this procedure are not selected in either simulation or real data
and therefore do not influence our comparison. There are however, still some contaminant
foreground objects that are selected as well and these have to be identified and discarded by
visual inspection.

2.3.4 Visual identification of contaminants

A human observer can pick out contaminants on the basis of contextual information not
contained in the SE parameters. There are five broad categories of remaining contaminants:
star-clusters, diffraction spikes, HII regions, artifacts from dust lanes, and blended objects.

Stellar clusters, both young open clusters and globular clusters, are associated with the
foreground galaxy. At the distance of the Virgo cluster, these are often of approximately
the size and color of more distant E0 field galaxies. Young open clusters are often found
in spiral arms and are very blue, while globular clusters can be identified by the slightly
different brightness profile. Bright stars in our own galaxy result in false selections. Their
wings are extended, often blending with other objects, and the diffraction spikes resemble
edge-on galaxies. The proximity of these false selections to the bright star makes them easily
visually identifiable. HII regions resemble blue irregular galaxies but are invariably found in
the proximity of several blue open clusters. Dust lanes superimposed on a smooth disk may
result in an extended “object”, which is often reddened. This results in severe contamination,
especially in flocculant spiral galaxies, making their inner regions unsuitable for the SFM.

Blended objects are by far the largest source of contamination. A blend of one of the
above objects with a small clump of stars is likely to be selected as a candidate field galaxy. In
addition, in a nearby foreground galaxy, the granularity of the partly resolved disk may result
in contamination from blended clumps of disk stars. SE performs deblending of the peaks
in the flux, but the choice of parameters governing this is a trade-off between deblending
objects and keeping extended objects intact. The candidate objects from the science fields

4This resembles a Bayesian approach to the classification problem, first applied to star/galaxy separation by Se-
bok (1979). The parameters we use are however not completely independent of each other and the HDF percentages
are an underestimate of the chances as the real galaxies in the bins are not considered field galaxies but other objects,
skewing the ratio slightly. This scoring system however worked well in practice for the selection of field galaxy
candidates.
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Figure 2.4: The distribution of galaxy score for objects in our science fields. P =( Q
Pi

(
Q

Pi)+(
Q

(1−Pi))

)
. The shaded area is the average histogram for HDF galaxies (both North

and South). Objects to the right are more galaxy-like. The majority of field galaxies is indis-
tinguishable in properties from the objects in the foreground galaxy. Only the higher scoring
tail (about -12 and above) can be used for the opacity measurement. The mean score of all
objects is indicated, together with the minimum score for selection.

were marked in the F814W image for visual inspection together with their score and color.
Objects deemed to be contaminants were removed. All the candidates from the science fields
are removed from the synthetic field candidate list.

However, the numbers of simulated galaxies have to be corrected for any false selections
as a result of a blend of a faint HDF object and a foreground one. To correct the numbers from
the simulated fields, the same visual check was done on the simulations from both galaxies
with no artificial extinction (A = 0) and in the case of NGC 1365 also in an extincted simula-
tion (A = 2). The candidate objects were in this case the real galaxies, the simulated galaxies
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Table 2.4. Visual Rejection percentages

Galaxy Total Crowded Arm Inter-arm

NGC 4536 22 89 50 16
NGC 1365 35 100 56 19
NGC 1365 (A=2) 55 97 66 31
adopted rates - 100 50 20

Note. — Average rejection percentages of added HDF ob-
jects in visual checks identical to those in the real fields, using
all the zero extinction simulations. We use rejection fractions
for the average synthetic field counts of 0.5 and 0.2 for arm and
inter-arm regions respectively to correct the simualted numbers
for the visual step on the real number of field galaxies.

and the misidentifications, both from the original field and as a result from the addition of
the HDF objects. The percentage of HDF objects rejected, mostly as blends, in these visual
checks is given in Table 2.4 per typical region, an indicator of the measure of crowding.
These percentages do not seem to change much as a function of either choice of galaxy or
simulation. To correct for blends of HDF and foreground objects, a fixed percentage of the
remaining simulated galaxies from a typical region is removed after the removal of the sci-
ence field’s candidates. These adopted percentages are also given in Table 2.4 for each typical
region.

2.4 Improvements in the “Synthetic Field Method”

In the process of automating the SFM we have introduced several improvements. First, ex-
posures were combined with the “drizzle” routine, improving the sampling of the final image.
Second, we have provided for a less observer dependent selection of field galaxies. These two
categories of improvements we have described in the previous sections. Third, extra simu-
lations were made, biases and uncertainties were estimated, and opacities were obtained on
segments of the images with similar characteristics. We describe these improvements in this
section.

2.4.1 Foreground galaxy segmention

The SFM provides an average opacity for a certain region of the foreground galaxy. González
et al. (1998) reported opacities for regions defined by WFPC2 chip boundaries. Ideally, an
average opacity is determined for a region of the foreground galaxy that is homogeneous in
certain characteristics: arm or inter-arm regions, deprojected radius from the center of the
galaxy, or a region with the same surface brightness in a typical band.
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In our treatment, the mosaicked WFPC2 fields are visually divided into crowded, arm,
inter-arm, and outside regions. This step is applied to the catalogs of objects by tagging each
object according to its general location in the foreground galaxy. Objects from the crowded
regions were ignored in the further analysis. The deprojected radial distance for each object
was also computed from the inclination, position angle, and position of the galaxy center
taken from the Two Micron All Sky Survey (2MASS) Large Galaxy Atlas (Jarrett et al. 2003)
or, alternatively, from the extended source catalog (Jarrett et al. 2000); the distance was taken
from Freedman et al. (2001). The surface brightness based on the HST/WFPC2 mosaics or a
2MASS image could also be used to define a partition of the WFPC2 mosaics (See Chapter
5, (Holwerda et al. 2005e)).

2.4.2 Simulated fields

Simulated fields are made by taking one WF chip from either the northern or southern Hubble
Deep Field (HDF-N or HFD-S), extincting it with a uniform grey screen, and adding it to a
data WF chip. This results in six separate simulations for each opacity and data chip: one
for each HDF-N/S WF chip. Simulations for seven opacity levels were made, ranging from
-0.5 to 2.5 magnitudes of extinction with steps of 0.5 magnitude. The negative -0.5 opacity
simulation was added to obtain a more accurate fix on the point of zero opacity. The use of a
grey screen in the simulations was chosen because its effect on the numbers of field galaxies
is similar to that of a distribution of dark, opaque clouds with a specific filling factor and size
distribution5.

To infer the opacity (AI ) from the numbers of field galaxies (N ), González et al. (1998)
use:

AI = −2.5 C log

(
N

N0

)
(2.3)

where N0 is the normalisation and C the slope of the relation between the number of field
galaxies and the extinction. They depend on the crowding in the field and total solid angle.
Crowding limits the number of field galaxies. When it dominates the loss of field galaxies,
the relation becomes much flatter (C >> 1). González et al. (1998) found C to differ with the
extinction law used in the simulations in the same foreground field. We use grey extinction
but vary the foreground field.

For each field, we fit the relation between AI and log(N), minimising χ2 to the average
numbers of field galaxies found in the simulated fields with known extinctions 6. The inter-
section of this curve with the real number of field galaxies yields an average opacity estimate
for the region. See Figures 2.6, 2.9, 2.10 and 2.11 for the fitted relation (dashed line) and the
number of field galaxies from the science field (solid line).

5Moreover, González et al. (1998) found that assuming a Galactic or a grey extinction curve made no difference
in the extinction derived in NGC 4536 using the SFM.

6N is the average of HDF-N and HDF-S as a reasonable approximation of the number of galaxies expected from
the average field. The possible deviation of actual background field from the average is accounted for in the error
estimate.
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2.4.3 Field galaxy numbers: uncertainties and systematics

There are four quantities, besides dust absorption, that affect the numbers of field galaxies.
They are crowding, confusion, counting error, and clustering.2 2. Crowding and confusion
introduce biases that need to be calibrated. Counting and clustering of the background galax-
ies introduce uncertainties in the galaxy numbers that must be estimated. In addition, the
clustering could possibly introduce a bias if the reference field is not representative for the
average.
Crowding effectively renders the parts of the image of little use for the SFM. Typically, these
are stellar clumps, the middle of spiral arms and the center of the foreground galaxy. The
strongly crowded regions in the WFPC2 mosaics were masked off and not used in further
analysis.
Confusion is the misidentification of objects by either the selection algorithm or the observer.
Misidentification by the algorithm is corrected for by the visual check of the science fields
(detailed in section 3.4). In order to correct the numbers of simulated objects, the candidates
from the science field, including the misidentifications, are removed, and subsequently the
average rejection rate from Table 2.4 is applied to the remaining objects from each typical
region. The typical regions are a measure for the crowding, the main source of the remaining
confusion due to blends of HDF and foreground objects.
Counting introduces a Poisson error. If the numbers are small (N < 100),

√
N underes-

timates the error and the expressions by Gehrels (1986) for upper and lower limits are more
accurate. We adopted these for both simulated and real galaxy numbers using the expressions
for upper and lower limits for 1 standard deviation (See equation B.1 and B.2 in Appendix B,
section B.2.1).
Clustering introduces an additional uncertainty in the number of real galaxies in the science
fields, as the background field of galaxies behind the foreground galaxy is only statistically
known. This variance in the background field necessitates a prudent choice of reference field
for the background in the simulated fields, as otherwise an inadvertent bias in the opacity
measurement can be introduced (see also section 2.4.3).

The standard deviation of this uncertainty can be estimated using a similar argument to
the one in Peebles (1980) (p.152), replacing volume by solid angle and the three dimensional
two-point correlation function by the two dimensional one (ω(θ)). The resulting clustering
uncertainty depends on the depth of the observation and the solid angle under consideration.

σ2
clustering = N + N2 ×

(
A(mlim, F ilt)

2Γ(2 + δ)
Γ(2 + δ

2 )Γ(3 + δ
2 )

θδ
max

)
(2.4)

where A(mlim, F ilt) is the amplitude, depending on photometric band and brightness
interval and δ is the slope of the two-point correlation function ω(θ) = A θ δ . N is the number
of field galaxies and θmax characterizes the size of the solid angle under consideration. The
slope δ is usally taken to be -0.8, and the value of the term between A(m lim, F ilt) and θδ

max

in equation 2.4 becomes 1.44. (See Appendix B.2.2 for the derivation.) The A(m lim, F ilt)
values from Cabanac et al. (2000) are used to compute ω(θ) and the resulting clustering

2Extinction by the dust in our own Milky Way can also play a role if there is a significant difference between this
Galactic extinction between the reference fields and the target field. In these individual fields this effect is too small
to be measured here. See more on the effects of Galactic dust on average measurements in chapter 3 and Appendix
B
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uncertainty as they are for the same filters (V and I) and integrated over practical brightness
intervals with a series of limiting depths 7. González et al. (1998) claim a completeness of
galaxy counts up to 24 mag for one of their fields. We estimate the limiting magnitude by
the value above which 90% of the simulated galaxies with no dimming (A = 0) lie. We
extrapolated the relation between limiting magnitude and amplitude (A(m lim, F ilt)) from
Cabanac et al. (2000) to model the clustering error to higher limiting magnitudes. For each
field we characterize the limiting depth by the interval in which the majority of simulated field
galaxies lie in the simulations with no opacity. Alternatively we could have used a very large
number of background fields in the simulations and determined the possible spread in field
galaxy numbers due to clustering from those. For practical reasons we used the average of
simulations with the HDF-N/S fields and estimated the uncertainty in the real number of field
galaxies from equation 2.4. The uncertainties in opacity owing to the clustering uncertainty
in the original background field are given separately in Table 2.6, and in Figures 2.6, 2.9, 2.10
and 2.11.

The clustering error and Gehrels’s counting uncertainties were added in quadrature to
arrive at the upper and lower limits of uncertainty for the real galaxies. Simulated counts
only have a counting uncertainty, as these are from a known typical background field.

From the errors in the number of field galaxies in each simulation and in the real number
of field galaxies, the uncertainty in the average opacity A can then be derived from equation
2.3. A single field gives a highly uncertain average value for extinction. Averaging over
several galaxies improves statistics and mitigates the error from field galaxy clustering.

The HDF as a reference field

The SFM uses the Hubble Deep Fields as backgrounds in the synthetic fields. The counts
from these are taken to be indicative of the average counts expected from a random piece of
sky, suffering from the same crowding issues as the original field. In this use of the HDF-N/S
as the reference field, the implicit assumption is that it is representative of the average of the
sky. If they are not, the difference in source counts between the HDFs and the average sky
introduces a bias in the synthetic fields and hence a bias in the resulting opacity measure.

The position of the HDF-N was selected to be unremarkable in source counts and away
from known nearby clusters (Williams et al. 1996). The position of the HDF-S was dictated
by the need to center the Space Telescope Imaging Spectrograh (STIS) on a QSO but Willi-
ams et al. (2000) assert that the source count in HDF-S was unlikely to be affected by that.
In addition, Casertano et al. (2000) point out that the HDF-S was chosen such that it was
similar in characteristics to HDF-N. The selection strategy of the Deep Fields therefore does
not seem to be slanted towards an overdensity of sources.

To test the degree to which the Hubble Deep Fields are representations of the average
field of sky, the numbers of galaxies we find can be compared to numbers from the Medium
Deep Survey (Griffiths et al. 1994), a program of parallel observations with the WFPC2, also
in F814W. Several authors (Casertano et al. 1995; Driver et al. 1995a,b; Glazebrook et al.
1995; Abraham et al. 1996) and Roche et al. (1997) report numbers of galaxies as a function
of brightness in these fields. Casertano et al. (1995); Driver et al. (1995a); Glazebrook et al.
(1995); Abraham et al. (1996) and Roche et al. (1997) present averages for multiple fields,

7Although two-point correlation functions have been published based on HST data, these results are for very
narrow magnitude ranges (see the references in Figure 2.5.) The results from Cabanac et al. (2000) are for similar
magnitude ranges as the objects from our crowded fields and are given for the integrated magnitude range.
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Figure 2.5: The numbers of field galaxies per magnitude per square arcminute from several
authors. All counts were in the I band (F814W). The HDF points are the average of all our
counts for HDF-N and HDS-S. Triangles and squares are our averages for HDF-N and HDF-
S respectively. The numbers by Casertano et al. (1995) are from pre-refurbished WFPC data,
accounting for the slightly higher numbers. The numbers found by Abraham et al. (1996)
for the HDF-N are slightly higher than ours for the fainter objects as our selection started
to discard some. The dashed lines are from single deep WFPC2 exposures (Driver et al.
1995b; Abraham et al. 1996), the solid lines from multiple exposures (Casertano et al. 1995;
Glazebrook et al. 1995; Driver et al. 1995a; Abraham et al. 1996; Roche et al. 1997).

and Driver et al. (1995b); Abraham et al. (1996) the numbers from deep fields, the latter for
the HDF-N. In Figure 2.5, we plot these numbers of galaxies as a function of magnitude. In
addition, the number of sources identified by our algorithm as field galaxies in the Hubble
Deep Fields are also plotted. The average of the Hubble Deep Fields (filled circles) corres-
ponds well to the curves from the literature up to our practical limiting depth of 24 mag. The
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Table 2.5. HST Archive Data Examples

Galaxy Type Prop. Exp. Time Dist. R25 Incl.
ID. VF555W IF814W (Mpc.) (Kpc.) (Deg.)

(1) (2) (3)

NGC 1365 SBb 5972 66560.0 16060.0 17.95 27.3 34
NGC 4536 SAB(rs)bc 5427 68000.0 20000.0 14.93 16.5 63

1All distances were taken from Freedman et al. (2001)

2The 25 B-mag. surface brightness radius from the RC3 catalog de Vaucouleurs et al.
(1991).

3Derived from the reported axis ratio (sup ba) in the 2MASS Large Galaxy Atlas (Jarrett
et al. 2003). See Appendix A for a discussion on the used inclination values.

difference between the north and south HDF never exceeds the Poisson uncertainty of the
average and even changes sign for galaxies fainter than 24 mag.

From Figure 2.5, we conclude that the average of the Hubble Deep Fields is a good
representation of the average field in the sky, and the numbers of galaxies from the simulations
do not need to be corrected for any bias resulting from an atypical reference field. In any case,
any residual bias would be trivial compared to the uncertainties in individual WFPC2 fields,
although they could have become important when combining counts from many fields as we
have done in our companion paper (Chapter 3, Holwerda et al. (2005b)).

2.4.4 Inclination correction

Any inclination correction of the opacity values depends on the assumed dust geometry. A
uniform dust screen in the disk would result in a factor of cos(i) to be applied to the opacity
AI . However if the loss of field galaxies is due to a patchy distribution of opaque dust
clouds, the correction becomes dependent on the filling factor, cloud size distribution and
cloud oblateness. All the extinction estimates (AI ) and the values corrected for inclination
(AI × cos(i)) are listed in Table 2.6, assuming a simple uniform dust screen.

2.5 Examples: NGC 4536 and NGC 1365

NGC 4536 (González et al. 1998) was reanalyzed as a test case to provide a comparison
between observers and versions of the SFM. NGC 1365 was one of the first galaxies analyzed
with the improved method (Holwerda et al. 2002b) and provides a good example of how the
method works for an image that can be segmented into different regions. See Table 2.5
for basic data on both galaxies and the observations that made up the data set (See also
Appendices A.5 and A.22.).
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Figure 2.6: The number of simulated galaxies per WF chip as a function of extinction for
the González et al. (1998) result (left panels) and this Chapter (right panels). Top panels
are the average for WF2 and 3, combined by González et al. (1998) due to similar ap-
pearance and poor statistics. The bottom panels are WF4. The errorbars for the simu-
lated numbers (filled triangles) are Poisson uncertainties only. The dashed line is the best
fit (AI = −2.5 C log10(N/N0)). The solid horizontal line is the real number of field galax-
ies found, the dotted horizontal lines mark the uncertainty in this number due to counting and
clustering combined. The opacity measurement shows also the total error, and that part of the
error which is due to clustering in brackets. The limiting magnitude M lim was determined
from the A=0 simulation.

2.5.1 NGC 4536, comparing observers

Identifying field galaxies remains a subjective process, and different software systems, as
well as different observers will differ in their identifications. However, as long as the same
selection criteria are applied to simulations and science objects, a good estimate of dust ex-
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Figure 2.7: The cumulative histograms of number of field galaxies with their magnitude
(MAG ISO) for our identifications (solid lines) and González et al. (1998) (dotted lines) for
wf2&3 (left panels) and wf4 (right), science field galaxies (top) and simulated field galaxies
(bottom).

tinction can be made. Figure 2.6 shows the extinction measurements from González et al.
(1998) and this paper.

The numbers of field galaxies and subsequent derived opacities in the combined WF2 and
3 chips are very similar for González et al. (1998) and this paper. The results for WF4 seem
to differ, however, both in numbers of field galaxies found and the derived extinction. WF4
was analysed separately by González et al. (1998), as it was less crowded than the other two
WFPC2 chips, so field galaxies could be found to a higher limiting depth. González et al.
(1998) estimate the limiting mag for the WF4 chip to be 24 magnitude and for the WF2&3
field to be 23 magnitude. The selection of objects as candidate field galaxies by our algorithm
however imposes a limiting depth to which objects are selected ( I ≈ 23 mag). This effect
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can be seen in the cumulative histogram of real galaxies (Figure 2.7), especially in the WF4,
where the numbers from González et al. (1998) continue to increase beyond 24 magnitude.
The effect is less pronounced in the simulated numbers (Figure 2.7 bottom right). These
differences in numbers at the faint end are the cause for the difference in derived opacities for
González et al. (1998) and this paper. However, a lower limiting magnitude makes the derived
extinction less accurate (lower number statistics and a bigger uncertainty due to clustering)
not inconsistent with each other. If the numbers from González et al. (1998) are limited to
the same limiting magnitude as ours, the numbers from science and simulated fields galaxies
match up. In addition, in a visual check, both observers agree on the identification of these
brighter field galaxies. Given this, we feel that the automated method’s trade of depth for
speed is warranted.

By automatically selecting objects and correcting the simulations for the pruning of galax-
ies in the visual step, we are confident that we select similar sets of field galaxies, to the same
limiting depth, with a high degree of certainty in both simulated and science fields.

Mask

V

I

II

III IV

NGC 1365

Figure 2.8: The mask used to denote crowded (I), arm (II, IV), inter-arm (III) and outside
(V) regions in NGC 1365. Galaxy number counts are given for the inner arm region (II),
inter-arm region (III), the “spur” (IV), and the outside region (V) in Figure 2.9.

2.5.2 NGC 1365: arm and inter-arm extinction

González et al. (1998) remarked on the importance of distinguishing between arm regions,
regions between the arms (inter-arm), and outside regions. Beckman et al. (1996), White
et al. (2000) and Domingue et al. (2000) all found that extinction was more concentrated in
the spiral arms. NGC 1365 provides a nice example of an arm with a crowded region, an
inter-arm region, a spur, and some outside area (see Figure 2.8). The opacity measurements
of these regions are plotted in Figure 2.9. The “spur” region (IV), the inter-arm region (III)
and the region outside (V) show some opacity but all are still consistent with none. Most of
the extinction in this galaxy is in the main inner arm (II): A = 3.9+2.6

−3.5. For such a small
subdivision in only one field, this opacity measure is very uncertain. However, by combining
measurement in several arm regions in several galaxies, as we have done in Chapter 3 (Hol-
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Figure 2.9: Simulated (triangles) and real (horizontal solid line) numbers of field galaxies in
typical regions in NGC 1365; “arm” regions on either side of the inter-arm region (region II
and IV in Figure 2.7), the “inter-arm” region (region III) and the “outside” region (region V).
Errorbars, notation and curves same as the right panels in Figure 2.6. C is the fit for equation
2.3. Mlim is the limiting magnitude used to compute the clustering uncertainty.

werda et al. 2005b), we are confident that a reliable and meaningful estimate can eventually
be made.

2.5.3 NGC 4536 and NGC 1365: Radial profile of extinction

One of the new applications of the SFM introduced here is to compare the numbers of field
galaxies in an annular region of the mosaic between two deprojected radii. Figures 2.10 and
2.11 show results for four sets of annuli for NGC 4536 and NGC 1365, respectively. We
present the radial opacity values found in this way in Figure 2.12 for both NGC 4536 and
NGC 1365. Noticeable is the occurrence of comparatively high values of opacity at different
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Table 2.6. Extinctions for different regions in the fields

Region AI ∆Ac AI × cos(i)
(1) (2)

NGC 1365
WFPC2 0.5+0.3

−0.3 (±0.3) 0.4+0.3
−0.3

Arm(II) 3.9+2.6
−3.5 (±1.8) 3.2+2.2

−2.9

Arm(IV) −0.7+1.1
−1.1 (±0.8) −0.6+0.9

−0.9

Interarm(III) 0.4+0.6
−0.6 (±0.4) 0.3+0.5

−0.5

Outside(V) 0.5+0.4
−0.4 (±0.3) 0.4+0.3

−0.3

R(0.2-0.4) 2.8+2.4
−2.9 (±1.6) 2.3+2.0

−2.4

R(0.4-0.5) 0.6+0.6
−0.7 (±0.4) 0.5+0.5

−0.5

R(0.5-0.6) 0.4+0.6
−0.7 (±0.4) 0.3+0.5

−0.5

R(0.6-1.0) 0.2+0.4
−0.4 (±0.3) 0.2+0.3

−0.3

NGC 4536
WFPC2 0.9+0.4

−0.4 (±0.3) 0.4+0.2
−0.2

WF2,3 0.9+0.7
−0.8 (±0.5) 0.4+0.3

−0.4

WF4 0.9+0.6
−0.7 (±0.4) 0.4+0.3

−0.4

R(0.4-0.6) 0.4+0.6
−0.6 (±0.4) 0.2+0.3

−0.3

R(0.6-0.7) 1.1+0.9
−1.0 (±0.6) 0.5+0.4

−0.5

R(0.7-0.8) 1.6+1.0
−1.3 (±0.7) 0.7+0.5

−0.6

R(0.8-1.0) 0.9+0.7
−0.8 (±0.5) 0.4+0.3

−0.4

1Opacities from AI = −2.5 C log10(N/N0), er-
rors are the 1σ uncertainties, including the clustering
uncertainty in the number of galaxies from the science
field.

2The contribution to the total error in opacity (∆A I )
owing to galaxy clustering uncertainty in the back-
ground.

3The opacity and errors, corrected for inclination.

Note. — Extinction measures in the different re-
gions in the WFPC2 mosaics, uncorrected and correc-
ted for the inclinations from Table 2.5.
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Figure 2.10: The numbers of real field galaxies (solid horizontal line) and those of simulated
field galaxies (triangles) plotted as a function of simulated opacity in areas of de-projected
radius from the centre of NGC 4536. The radii are expressed in R 25, derived from the B-band
photometric diameter (D25) from the RC3 catalog (de Vaucouleurs et al. 1991). Errorbars,
notation and curves same as the right panels in Figure 2.6. C is the fit for equation 2.3. M lim

is the limiting magnitude used to compute the clustering uncertainty.

radii. This depends on whether or not the area in the radial annulus is dominated by arm
regions or inter-arm type regions.

The NGC 1365 profile shows a steep rise in the inner region, and the peak in the NGC
4536 profile corresponds to the prominent arm there. Individual errors in these measurements
remain quite large because of the poor statistics and the clustering uncertainty in the field of
galaxies.

Comparing these values to those in Figure 2.12 of White et al. (2000), the peak values in
these radial plots, at 0.3 and 0.75R25 respectively (see Figure 2.12), are completely consistent
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Figure 2.11: The numbers of real field galaxies (solid horizontal line) and those of simulated
field galaxies (triangles) plotted as a function of simulated opacity in areas of deprojected
radius from the center of NGC 1365. The radii are expressed in R 25, derived from the B-band
photometric diameter (D25) from the RC3 catalog (de Vaucouleurs et al. 1991). Errorbars,
notation and curves same as the right panels in Figure 2.6. C is the fit for equation 2.3. M lim

is the limiting magnitude used to compute the clustering uncertainty.

with the arm extinction values found by those authors. A comprehensive comparison is given
in Chapter 3 (Holwerda et al. 2005b). When combining the radial profiles of our entire sample
of HST fields, we should keep in mind the importance of spiral arms in the radial extinction
profile.

2.5.4 Surface brightness

Giovanelli et al. (1995); Tully et al. (1998) and Masters et al. (2003) found that disk extinction
correlates with total spiral galaxy luminosity. With the SFM we can have a more detailed look
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Figure 2.12: The dust extinction plotted as a function of radius, expressed in R 25. The
opacity of NGC 1365 (top) for the entire field, with all radii combined, is A = 0.5+0.3

−0.3 and
for NGC 4536 (bottom plot), the opacity of the entire field is, A = 0.9+0.4

−0.4. The errorbars
reflect the uncertainties from both measurement and clustering of the background galaxies. A
clustering of distant galaxies behind the foreground disk in either of these fields, would have
affected all the points in a field in the same way.

at the correlation between the light in a galaxy and the extinction. The higher extinction found
in spiral arms is an indication that this correlation is also present in our data. However, with
few points obtained from only two fields, no relation can be reliably detected. A plot of the
extinctions and surface brightnesses derived from all our fields will be presented in a future
paper (Chapter 5 and Holwerda et al. (2005d)).
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2.6 Conclusions

We have shown that the Synthetic Field Method as developed by González et al. (1998) can be
successfully automated and applied to a large variety of fields. As most classification schemes
break down in crowded regions, some visual check by a human observer remains necessary,
either to deem the region too crowded or to check the classification of the objects. The bias
thus introduced is also calibrated using synthetic fields. The great increase in throughput
provided by the automation opens up the possibility to infer dust absorption in a wide range
of fields available in the HST archive.

In the process of automating the SFM, we introduced some improvements. The quality
of the images has been improved with the drizzle technique. The selection of field galaxies
is less observer-dependent and much faster. Extra HDF-S control fields were added to mimic
the average background field. The results are now given per typical region instead of per
chip. Improved estimates of the uncertainties due to the random error and the clustering of
the field galaxies have also been incorporated.

Future improvements of this technique could include the use of multi-color imaging or
field spectroscopy in order to more unambiguously identify the field galaxies. An improved
object classification, based on different data and with a more sophisticated algorithm, could
in the future make the need for a visual check of objects redundant.

The apparent difference between derived extinctions between this Chapter and González
et al. (1998) for NGC 4536 can be accounted for by a difference in limiting depth and the
uncertainty it brings with it. However the agreement between observers in their identifications
of the brighter objects suggest a consistency of the method across identification schemes.

The radial dependencies of opacity in our examples show evidence of substantial extinc-
tion, AI = 0.6+0.6

−0.7 mag for NGC 1365 at half the R25 and AI = 1.6+1.0
−1.3 at 0.75 R25 radii

for NGC 4536. These extinction values at these radii are consistent with those reported by
White et al. (2000). Most of this extinction seems to concentrate in the arm regions of these
galaxies.

While the SFM itself is independent of assumptions about the dust geometry in the fore-
ground galaxy, the inclination correction for the opacity is not. Corrections based on a simple
screen have been presented, and a more thorough discussion of other possibilities is con-
sidered in the companion paper (Chapter 3, Holwerda et al. (2005b)).

The principal advantage of this method is that no assumption about the distribution of
either absorbers or the underlying starlight goes into the measurement. However, the small
number statistics in individual regions result in large uncertainties for single measurements.
Averages over several fields will improve this by increasing the statistics and averaging out
the field galaxy clustering. The application of this method to a substantial set of archival
HST/WFPC2 images is presented in Chapter 3 (Holwerda et al. 2005b).
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Abstract

Dust extinction can be determined from the number of distant field galaxies seen through
a spiral disk. To calibrate this number for the crowding and confusion introduced by the
foreground image, González et al. (1998) and Chapter 2 (Holwerda et al. 2005a) developed
the “Synthetic Field Method” (SFM), which analyses synthetic fields constructed by adding
various deep exposures of unobstructed background fields to the candidate foreground galaxy
field.

The advantage of the SFM is that it gives the average opacity for the area of a galaxy disk
without making assumptions about either the distribution of absorbers or of the disk starlight.
However, it is limited by poor statistics on the surviving field galaxies, hence the need to
combine a larger sample of fields. This Chapter presents the first results for a sample of 32
deep HST/WFPC2 archival fields of 29 spiral galaxies.

The radial profiles of average dust extinction in spiral galaxies based on calibrated counts
of distant field galaxies is presented here, both for individual galaxies and for composites
from our sample. The effects of inclination, spiral arms, and Hubble type on the radial ex-
tinction profile are discussed.

The dust opacity of the disk apparently arises from two distinct components; an optically
thicker (AI = 0.5 − 4 mag) but radially dependent component associated with the spiral
arms and a relatively constant optically thinner disk (AI ≈ 0.5 mag.). These results are in
complete agreement with earlier work on occulted galaxies. The early type spiral disks in
our sample show less extinction than the later types. Low Surface Brightness (LSB) galaxies,
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and possibly Sd’s, appear effectively transparent. The average color of the field galaxies
seen through foreground disks does not appear to change with radius or opacity. This grey
behaviour is most likely due to the patchy nature of opaque clouds. The average extinction of
a radial annulus and its average surface brightness seem to correlate for the brighter regions.
This leads to the conclusion that the brighter parts of the spiral disk, such as spiral arms, are
also the ones with the most extinction associated with them.

3.1 Introduction

The optical depth of spiral disks has been the topic of many and varied studies since the
claim by Holmberg (1958) that they are transparent. The subject became controversial when
Disney et al. (1989) and Valentijn (1990) argued that disks were virtually opaque. At the
Cardiff meeting (Davies and Burstein 1995) many possible methods to attack the problem
were proposed. The dust disks of spiral galaxies may obscure objects in the high redshift uni-
verse (Alton et al. 2001b; Ostriker and Heisler 1984) or conceal mass in their disks (Valentijn
1990; Cuillandre et al. 2001). An excellent review of the current state of knowledge on the
opacity of spiral disks is given by Calzetti (2001).

Early approaches to this subject were presented in Davies and Burstein (1995), and more
recent developments are as follows:
(1) disks are more opaque in the blue (Tully et al. 1998; Masters et al. 2003), (2) they are
practically transparent in the near infrared (Peletier and Willner 1992; Graham 2001), making
these bands the best mass-to-luminosity estimator (de Jong 1996), (3) disks are practically
transparent in their outer parts but show significant absorption in the inner regions (Valentijn
1994; Giovanelli et al. 1994), (4) the extinction correlates with galaxy luminosity (Giovanelli
et al. 1995; Tully et al. 1998; Masters et al. 2003), and (5) spiral arms are more opaque than
the disk (Beckman et al. 1996; White et al. 2000) The majority of these studies are based on
either inclination effects on the light distribution of a large sample of disks or a dust and light
model to fit the observed profiles.

While there is some agreement on the view that spiral disks are substantially optically
thick in their central regions and become optically thin in their outer parts, the exact radial
extinction profile remains uncertain. Most measurements to date use the disk light itself to
measure the extinction, and consequently require an assumption on the relative distribution
of dust and light in a spiral disk.

The extinction in a disk can be derived from far infrared and submillimeter emission
arising from the cold dust in disks. However, these methods assume that the emission char-
acterizes the dust in the disk. But the far infrared and submillimeter emission is likely to
be dominated by the warmest component of the dust, which tends to be the smaller grains
on the outside of molecular clouds facing an energy source (Dale and Helou 2002; Helou
et al. 2000). In this case the far-infrared and submillimeter emission underestimates the aver-
age opacity. Mayya and Rengarajan (1997) mention this problem in their estimate, based on
IRAS observations, of the gas-to-dust ratio in spiral disks.

To obtain a better characterization of the absorption in a spiral disk without knowing the
distribution of stars and dust in the disk, a known background source is needed. White and
Keel (1992) proposed to use an occulted galaxy for this purpose, assuming it has a symmetric
light distribution (Domingue et al. 1999a; White et al. 2000; Domingue et al. 2000; Keel and
White 2001a,b). González et al. (1998) and the companion paper of this work (Chapter 2,
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Holwerda et al. (2005a)) use the number of distant galaxies in the field as their background
source, calibrating this number with simulations following their “Synthetic Field Method”
(SFM). In Chapter 2 (Holwerda et al. 2005a), we describe the details of this method 2.

Both the “Occulting Galaxy Method” and the SFM have the benefit of not using the disk’s
own light to measure the extinction. The drawbacks of the Keel and White method are the
assumption of symmetry of both galaxies and the small number of suitable pairs available.
The SFM is more universally applicable, but it is limited by the poor statistics. However,
it does not need to make assumptions regarding the distribution of either the disk’s light or
the absorbers in it. The SFM does require high-resolution images from HST and, because of
crowding, remains limited to the arms and disk of spiral galaxies.

In this Chapter we report radial extinction profiles for spiral disks of different Hubble
types based on 32 Wide Field Planetary Camera 2 (WFPC2) fields in 29 galaxies of Hubble
types Sab and later. In section 3.2 we describe the sample and its selection in detail. The SFM
is briefly outlined in section 3.3; a more complete description of the method and the recent
improvements we have made to it is given in the companion paper (Chapter 2, Holwerda
et al. (2005a)). In section 3.4 we discuss the radial profile of average opacity for individual
galaxies and, in section 3.5, the composite average radial extinction profile for our entire
sample. The effects of inclination, spiral arm prominence, and Hubble type on the profiles
are discussed as well. Section 3.6 discusses the average (V-I) color of the field galaxies we
found and section 3.7, the tentative relation between average surface brightness and opacity.
We discuss some of the implications of our results, and end with conclusions on disk opacity
drawn on the basis of the numbers and colors of field galaxies seen through them.

3.2 The HST Archive Sample

Our sample of HST/WFPC2 fields was selected from the MAST archive at Space Telescope
Science Institute (STScI), based on criteria for both the target galaxy and the HST data. The
total exposure times and original proposal identifications and references are listed in Table
3.1, and the basic data on the galaxies in Table 3.2. The total solid angle of this sample is 146
arcmin2.

The foreground galaxy should be a spiral, ideally face-on, spanning enough sky to cover
a significant number of field galaxies. This solid angle constraint limits the maximum dis-
tance for application of the SFM to approximately 30 Mpc. HST starts to resolve the disk
population of spiral galaxies at close distances, making the field too crowded for field galaxy
identification (see González et al. (2003)). This imposes a minimum distance of a few Mpc.
The galaxies are type Sab and later, plotted in Figure 3.1, according to the RC3 (de Vauc-
ouleurs et al. 1991). No limit on inclination was imposed as long as spiral arms could be
discerned.

The majority of this sample is from the Distance Scale Key Project. The project’s ob-
serving strategy (Freedman et al. 1994, 2001) was geared towards maximizing the number
of Cepheid variables detected. This resulted in the selection of fields in the optical disk of
face-on later-type spiral galaxies with a prominent arm visible. These selection criteria must
be taken into account when interpreting the opacity measurements of these fields.

2For the remainder of the Chapter field galaxies mean the distant background objects we count and foreground
galaxy refers to the galaxy disk through which these distant galaxies are seen.
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Figure 3.1: The distribution of
Hubble type (de Vaucouleurs
et al. 1991) for our HST
sample. The Distance Scale
Key Project (Freedman et al.
2001), from which most of our
sample is drawn, concentrated
on later types to maximise the
number of Cepheids.

The sample of spiral disks has multi-epoch imaging in the two photometric band avail-
able, as the original science driver for many of these data sets was to sample the Cepheid
light curves. The reacquisition resulted in a slight shift in the pointing at each epoch. The
unintentional ’dither’ allowed us to drizzle the combined images to a pixel scale of 0. ′′05.
The data reduction is described in detail by Chapter 2 (Holwerda et al. 2005a). González
et al. (2003) predicted that improved resolution would mainly benefit the statistics of distant
galaxy counts in the Local Group. However, as the sample spans a range of distances and the
statistics are likely to be poor, the maximum possible sampling was selected. The PC chip
was not used for analysis because it often lies on the most crowded region, its noise charac-
teristics are different from the WF chips, and there are fewer reference fields available for the
SFM.

This sample of HST pointings was selected because it is reasonably uniform, which
allows similar processing using Hubble Deep Field (HDF) background fields. The
HST/WFPC2 pointing should neither be on the center of the galaxy, where crowding is too
much of a problem, nor be outside the disk of the target galaxy, where the expected opacity is
likely too low to be measured with the SFM. We selected pointings with the F814W (I) and
F555W (V) filters because the identification of objects is based on several parameters char-
acterizing structure and on the V-I color. A minimum exposure time of about 2000 seconds
in both filters was adopted. The choice of filters and exposure time was on the bases of our
earlier experiences with spiral and irregular galaxies (González et al. 1998; Holwerda et al.
2002a). and to maximize the number of suitable fields.

3.3 SFM: Calibrating the field galaxy numbers.

Chapter 2 (Holwerda et al. 2005a) describe in detail the data-reduction and the automated
SFM, so we give only a short summary here. To calibrate the numbers of field galaxies found



SFM: CALIBRATING THE FIELD GALAXY NUMBERS. 51

Table 3.1. HST Archive Data sample

Name Exp Time Prop. Reference Appendix
VF555W IF814W I.D.

NGC 925 26400 9000 5397 Silbermann et al. (1996) A.4
NGC 1365 66560 16060 5972 Silbermann et al. (1999) A.5
NGC 1425 58800 29700 5972 Mould et al. (2000) A.6

6431
NGC 1637 26400 13200 9155 Leonard et al. (2002b) A.7

Leonard et al. (2002a)
NGC 2541 28760 12760 5972 Ferrarese et al. (1998) A.8
NGC 2841 26400 11000 8322 Macri et al. (2001) A.9
NGC 3031 (M81) 2000 2000 9073 Liu et al. (2002) A.10
NGC 3198 27760 12560 5972 Kelson et al. (1999) A.11
NGC 3319 26400 10400 6431 Sakai et al. (1999) A.12
NGC 3351 (M95) 31900 9830 5397 Graham et al. (1997) A.13
NGC 3621-1 5200 7800 8584 Sakai et al. (2004) A.15
NGC 3621-2 20759.0 7380 5397 Rawson et al. (1997) A.14
NGC 3627 (M66) 58800 25000 6549 Saha et al. (1999) A.16
NGC 4321 (M100) 32750 17150 5397 Ferrarese et al. (1996) A.17
NGC 4414-1 1600 1600 8400 Hubble Heritage A.18
NGC 4414-2 32430 10230 5397 Turner et al. (1998) A.18
NGC 4496A 68000 16000 5427 Saha et al. (1996b) A.19
NGC 4527 60000 25000 7504 Saha et al. (2001) A.20
NGC 4535 48800 31200 5397 Macri et al. (1999) A.21

6431
NGC 4536 68000 20000 5427 Saha et al. (1996a) A.22
NGC 4548 (M98) 48500 30900 6431 Graham et al. (1999) A.23
NGC 4559 2000 2000 9073 Cropper et al. (2004) A.24
NGC 4571 10400 26400 6833 Macri et al. (1999) A.25

Pierce et al. (1994)
NGC 4603 58800 14800 6439 Newman et al. (1999) A.26
NGC 4639 58800 13000 5981 Sandage et al. (1996) A.27
NGC 4725 32430 10230 5397 Gibson et al. (1999) A.28
NGC 5194-1 (M51) 2000 2000 9073 Larsen (2004) A.29
NGC 5194-2 (M51) 2000 2000 9073 Larsen (2004) A.30
NGC 6946 2000 2000 9073 Larsen (2004) A.31
NGC 7331 40660 9860 5397 Hughes et al. (1998) A.32
UGC 2302 15000 15600 8255 Bovill et al. (2003) A.33
UGC 6614 10100 10100 8213 Kim and McGaugh (2002) A.34
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79

14
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66
14

SA
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)a
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4.
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44

17
.1

43
57

8
-6

5
40

.5
4

1.
66

84
.6

8
0.

05
5

(7
)

Table 3.2: Basic Data
(A) All distances were taken from Freedman et al. (2001) with some exceptions, noted below.
(1) Leonard et al. (2002b) and Leonard et al. (2002a).
(2) Macri et al. (2001).
(3) Saha et al. (2001).
(4) Macri et al. (1999) and Pierce et al. (1994).
(5) Newman et al. (1999)
(6) No distance from Cepheid method or supernovae available. Using NED data (1104
km s−1) and H0 = 75 km−1 Mpc−1

(7) No distance from Cepheid method or supernovae available. Using NED data (6351
km s−1) and H0 = 75 km−1 Mpc−1
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in the science fields, simulated or “synthetic” fields are made. These are the original science
fields with an extincted Hubble Deep Field added. The numbers of simulated field galaxies
found suffer from the same confusion and crowding as the number from the science field and
therefore depend solely on the dimming applied. A series of simulations gives us the relation
between field galaxy numbers and applied dimming. The following relation is fitted to the
simulated numbers:

A = −2.5 C log

(
N

N0

)
(3.1)

where A is the dimming in magnitudes, N the number of field galaxies in a simulation, and
N0 and C are the normalization and slope of the fit, respectively (i.e. the number of field
galaxies expected with no extinction and how this number diminishes with increasing extinc-
tion). The slope C characterizes the effects of crowding and confusion on the relation between
opacity and galaxy numbers. It is usually slightly over unity, but the unique character of each
field led us to characterize C using the simulations in each field or combination of fields. The
intersection between this relation and the real number of field galaxies gives us the average
extinction (AI ) typical for the solid angle where these field galaxies were found. The field
galaxies are identified in the science fields, using automated selection, based on structural
parameters and (V-I) color, together with a visual verification. In the synthetic fields, the
visual check of objects was substituted by anti-correlating the automatically selected objects
with the automatic selection in the science field, removing both the real distant galaxies and
contaminants and leaving only added objects.

The uncertainty in the number of field galaxies from the science field is a combination of
the Poisson uncertainty and the uncertainty due to field galaxy clustering. The uncertainty
in the simulated numbers is Poisson only because they come from a known background, the
Hubble Deep Fields. The uncertainty in average opacity is derived from the uncertainties
in field galaxy numbers on the basis of the Poisson uncertainty as expressed by Gehrels
(1986), and the clustering uncertainty based on the two-point correlation function found by
Cabanac et al. (2000) and equation 3.1. The crowding and confusion bias is calibrated with
the simulations. For a detailed error discussion of the SFM see Chapter 2 (Holwerda et al.
2005a), §2.2 and Appendix B.

3.3.1 Galactic Extinction

A difference in dust extinction from our own Galaxy between the reference fields (HDF-N/S)
and the pointing at the foreground galaxy introduces a bias in the extinction measurement
of the specific disk. González et al. (1999) used galaxy counts to measure the extinction
towards GRB 970228. and found excellent agreement with other measurements of Galactic
extinction (Burstein and Heiles 1978b; Schlegel et al. 1998). Schlegel et al. (1998) produced
an all-sky map of Galactic extinction based on COBE and IRAS maps and we use their values
for Galactic extinction (Table 3.2). Most galaxies in the sample do not show a significant
difference in Galactic extinction compared to the average of the Galactic extinction towards
the HDF-N/S (AI = 0.039 mag). However, the numbers of galaxies from each science field
were nevertheless corrected for the difference in Galactic extinction using equation 3.1.
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3.4 Radial opacity measurements in individual WFPC2 fields
González et al. (1998) presented results based on the SFM for individual Wide Field chips,
characterized as “arm” or “disk” regions according to predominance in the chip. Chapter 2
(Holwerda et al. 2005a) segmented the WFPC2 mosaics on the basis of morphological com-
ponent (arm, inter-arm, disk) or projected radius from the center. However, the statistics from
individual WFPC2 fields barely allow any meaningful opacity measurements for solid angles
smaller than a single WF field. In Table 3.3 we present opacity values for the projected radial
annuli in each foreground galaxy in our sample. The radii are expressed in R 25, half the D25

from the RC3 (de Vaucouleurs et al. 1991)3. The errorbars are computed from the uncertain-
ties in the numbers of real and simulated field galaxies from counting and clustering (Chapter
2, Holwerda et al. (2005a)). For the galaxies for which we have two WFPC2 pointings (NGC
5194, NGC 3621 and NGC 4414), the radial extinction from the combined counts is also
shown.

3The radius was expressed in R25 . See Appendix A for a discussion on the values of R25.
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Table 3.3: Radial Extinction per field (mag) The individual radial extinction measurements of
the galaxies in our sample based on the field galaxy counts. Note that the intrinsic uncertainty
in the background field of galaxies keeps the error in these measurements high. The counts
have been corrected for the difference in Galactic Extinction between the target foreground
galaxy and the average of the HDF fields. These values are not corrected for incliination in
any way. UGC 6614 has the largest radial coverage due to its extreme distance; in addition to
the values shown, UGC 6614 has an extinction measurement for the radial interval between
2.75 and 3 R25 of 0.8+1.2

−1.3. The averages presented in the rest of the Chapter are the result
of combining the numbers of background galaxies and we caution against averaging these
values to get a profile for a subset of the sample.
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Figure 3.2: The composite of our entire sample (32 WFPC2 fields). The top panel shows the
total solid angle in each annulus as a function of scaled radius. The number of field galaxies
found (middle panel) are presented for both the synthetic fields without dimming (shaded
histogram) and the science fields (solid histogram). The bottom panel shows the derived
opacity in each annulus as a function of radius. No inclination correction has been applied to
these results.
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3.5 Average Radial Opacity Plots

Estimates of extinction in a galaxy disk based on a single WFPC2 chip suffer from poor
statistics (González et al. 1998; Holwerda et al. 2005a), which makes a radial dependence
hard to establish (see Table 3.3 and Chapter 2 (Holwerda et al. 2005a)). This led us to apply
the SFM to a large sample of foreground galaxies in order to estimate the general extinction
properties of galaxy disks from the combined numbers of field galaxies seen through these
disks. We caution against averaging the values in Table 3.3 to derive average profiles 4. Figure
3.2 shows the radial opacity plot from all our fields combined. The numbers of field galaxies
from both the science fields and the simulations from all fields were combined on the basis of
their projected radial distance from the respective galaxy’s centers, 5 expressed in R25. The
top panel in Figure 3.2 shows the total combined solid angle for each radial bin for which
the average opacity was determined. The middle panel shows the number of field galaxies
from the science field and the average number found in the simulations without any dimming
(A=0). The bottom panel shows the opacity for each bin derived from the intersection of
equation 3.1 fitted to the simulations and the real number of galaxies.

The solid angle or the number of simulated galaxies without any dimming is a good
indicator for the reliability of our opacity estimate, as reflected by the error bars in the bottom
panel of Figure 3.2. The estimates are limited at small radii by the high surface brightness
and crowding of the foreground galaxy center, effectively masking some of the solid angle
available at those radii. At higher radii the uncertainty comes from a lack of solid angle
covered (see Figure 3.2, top panel). This is a selection effect of our sample, as most of the
WFPC2 fields were pointed at the optical disk of the galaxy.

To determine the effects on average radial opacity of disk inclination, prominence of
spiral arms, or Hubble type, radial opacity plots of subsets of our sample were constructed.
The solid angle used is then some fraction of those in the top panel in Figure 3.2, which
consequently increases the uncertainty in the opacity measurement. To counter this problem,
radial binning of 0.2 R25, instead of 0.1 R25 (Figure 3.2) was applied.

3.5.1 Inclination effects

The inclination of the foreground disks affects the measured opacity, but the amount of this
effect depends on dust geometry. In the case of a uniform thick screen, the path length
attenuating the field galaxies is increased. However, in the case of a screen of dark clouds in
the disk, the effect is on the apparent filling factor of clouds. Because the correction depends
on which dust geometry is assumed, we present the radial results (Figure 3.2) without any
correction and explore corrections using several different models, as illustrated in Figure 3.3.
The homogeneous screen results in a multiplicative factor cos(i) to be applied to the opacity
value (A) or in a correction to the number of field galaxies found in the science field, as
follows:

N⊥ =
N cosi

i

N cosi−1
0

(3.2)

4The subsequent average radial profiles have been derived using combined ocunts, not by averaging the opacity
values.

5The values used to deproject the distances on the sky to radial distance to the galaxy’s center are presented in
Table 3.2.
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The other models consider a screen with fully opaque clouds or patches. Depending on the
thickness of these clouds, the apparent filling factor depends differently on inclination. In
these models, the clouds have an average oblateness ε (ε = 1 − b

a ) with major axis a and
minor axis b of the clouds. Following the geometry of Figure 3.3, the relation between the
number of field galaxies, seen through the foreground disk face-on (N⊥), at an inclination i
(Ni), and the average number of field galaxies in the field behind the foreground galaxy (N 0)
can then be expressed as:

N⊥ = [ 1 − ε] [1 − cos(i) ] N0 + { ε [1 − cos(i)] + cos(i)} Ni (3.3)

where the extreme cases for ε are spherical clouds (ε = 0) and flat patches (ε = 1). The
oblateness ε parameterizes the ratio between the scale height of the dust and its extent in the
plane of the disk. In images of edge-on disks, the visible dust lanes are confined to a thinner
disk than the stars. It is therefore likely that ε is not 0. For purposes of illustration we use a
value of 0.5 in Figure 3.8.
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Figure 3.3: Two models of dust geometry in the disk. The flat screen with a thickness D (1)
and the screen of dark clouds (2). See the text for the effect of the thick screen. The effect
of oblong clouds depends on the observed filling factor of the clouds. The observed optical
depth (τ ) is related to the filling factor by: τ = ln(1−f). The observed filling factor is related
to the face-on value as follows in case of the oblong clouds: f = ε f obs +(1− ε) cos(i) fobs.
From the relation between opacity and optical depth (A = −2.5 log(e−τ ), equation 3.1 (A =
−2.5log(N/N0)) and these expressions for the filling factor, equation 3.3 can be derived. The
average oblateness (ε = 1 − b

a ) of the clouds influences directly the inclination correction.
If they are spherical (ε = 0), then the effect of inclination on the number of field galaxies
is most profound. However if they are effectively flat (ε = 1), then there is no effect of
inclination on the numbers (the projection effects on the effective cloud size and filling factor
cancel each other).
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Figure 3.4: The average opacity as a function of radius, derived from the number of field
galaxies corrected for inclination with equation 3.2. Flat clouds (ε = 1) do not influence
the numbers. The maximum correction (ε = 0) has the largest effect on high opacities. The
opacity profile from the number of field galaxies corrected for inclination using a smooth
screen is also shown.
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Figure 3.4 shows the radial profile from Figure 3.2 corrected for both extreme cases and
uniform screens in all galaxies. The contributions from each galaxy to the composite radial
profile were corrected according to equation 3.2 and equation 3.3 before addition. Figure
3.5 shows the total uncorrected radial profile for four subdivisions of our sample based on
inclination. From Figure 3.5 it seems clear that other effects are much more important than
the inclination of the foreground disk. For this reason we ignore the effects of inclination on
our measurements. As the effects of inclination are debatable on the basis of preferred dust
geometry, we present further results without inclination corrections, except where noted.

Figure 3.5: The average opacity as a function of radius, taken over our entire sample (thick
line) and four subsets based on inclination. The number between brackets denotes the number
of fields in each bin. As there is no discernible trend with inclination, other effects must
dominate the average opacity. For this reason we choose to ignore the effects of inclination
on our measurements. Beyond 1.3 R25, the values are from poor statistics which explains the
occasional negative value.
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3.5.2 The effect of spiral arms

Another effect on the average radial opacity profile in Figure 3.2 is due to the presence of
spiral arms. Because our sample is predominantly from the Cepheid Distance Project, the
WFPC2 images all feature spiral arms. If these are more opaque than the disk proper (Beck-
man et al. 1996; White et al. 2000), then the radial profile presented in Figure 3.2 could be
biased towards higher opacities. Separate radial plots for the arm, the inter-arm part of the
disk, and outside any spiral arm part of the disk are shown in Figure 3.7 based on the counts
from the typical regions in the entire sample, with the exception of the LSB galaxies UGC
2302 and UGC 6614. They were left out, because not much spiral structure can be discerned;
they appear completely transparent (see Figure 3.8).

NGC 4535 Mask

Figure 3.6: The mask of typical regions for NGC 4535. White regions represent “crowded”
regions, dark grey are “arm” regions, light grey “inter-arm” disk regions, and all objects not
in any of the above categories are “outside” disk region. In Appendix A all the masks used
for the sample are presented.

Segmenting images

To differentiate between the effects of spiral arms and disks in the opacity plots, the images
were segmented into crowded, arm, disk (inter-arm), and disk (outside arm). These regions
were flagged in the mosaicked WFPC2 fields using the GIPSY (Groningen Image Processing
System) function blot, in the same way as NGC 1365 in Chapter 2 (Holwerda et al. 2005a).
The choice of typical regions was made in order to compare the arm and inter-arm results
of White et al. (2000) and Domingue et al. (2000). A typical mask is presented in Figure
3.6, and masks for all galaxies in the sample are presented in this thesis (Appendix A). It
should be noted that this segmentation into typical regions is subjective and is based on those
sections of the foreground galaxies covered by the WFPC2 observations we use.



AVERAGE RADIAL OPACITY PLOTS 63

Figure 3.7: The average opacity as a function of radius (left), taken over our entire sample for
each of three typical regions in the spiral disk: arm regions, disk regions enclosed by spiral
arms (inter-arm), and disk regions not enclosed by spiral arms (outside). The right panels
show the solid angle as a function of radius.
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Radial extinction for typical disk regions

Radial extinction profiles of the typical regions are presented in Figure 3.7. The arm regions
show much more opacity and a much more pronounced radial dependence of that opacity.
There is a radial dependence as well for the inter-arm parts of the disk, although it is not as
steep. The outside parts of the disk of the spiral galaxy, however, show little or no relation
between opacity and radius. The opaque components of a spiral disk appear to be the spiral
arms, while the disk itself is more transparent but much more extended. Figure 3.7 also shows
the total solid angle of the radial annuli over which the opacities are determined. From these
we can conclude that the regions deemed ‘arm’ do not dominate the whole of the fields. The
radial effect of the arms only becomes visible in the total radial opacity plot (Figure 3.2 and
top left panel Figure 3.7), at the lower radii where the arms and the inter-arm region dominate.
In Figure 3.8 we present the profiles corrected for inclination assuming an cloud oblateness
(ε) of 0.5. The general trends remain but now for somewhat lower opacity values.

Comparison to the “Occulting Galaxy Method”

White et al. (2000) and Domingue et al. (2000) presented their extinction values from occult-
ing galaxy pairs as a function of the radius, scaled with R25. White et al. (2000) compared
ground-based photometry, and Domingue et al. (2000) used spectroscopic measurements of
the occulted galaxy light. These extinction points are plotted in Figure 3.9 for arm and inter-
arm regions. The extinction curves from Figure 3.7 and the inclination corrected curve from
Figure 3.8 are plotted as well. Both the arm and the inter-arm extinction values as a func-
tion of radius agree well with the values obtained from the occulting galaxy technique. It is
remarkable how well the results compare, considering they were obtained from completely
different samples of spiral galaxies and using different techniques. The values from the oc-
culting galaxy technique are slightly lower than ours. There are several possible reasons for
this. It is possible that the spectroscopic results from Domingue et al. (2000) (the triangles
in Figure 3.9) favour the more transparent regions in a disk (D. L. Domingue 2004, private
communication). But, more importantly, the sample of occulting foreground galaxies con-
sists of a different makeup of spiral galaxy subtypes than that of this paper. It should be
noted that there are no galaxies common to both our sample and that of the occulting galaxy
technique. Domingue et al. (2000) noted that their later types (Sbc) seem more opaque, as do
we (Figure 3.11). Figure 3.10 compares the results for the most prevalent Hubble subtypes
in the occulting galaxy method (Sb and Sbc) with our results for them. The arm values seem
to match up but there is a difference in the inter-arm results. It is unclear to us whether this
points to a structural effect in either technique. A likely explanation is that the definition of
“inter-arm” applies to slightly different regions in the spiral disks for White et al. (2000);
Domingue et al. (2000), and this paper. This paper’s definition of typical regions is based
on the high-resolution mosaic, whereas the White et al. (2000) is derived from their ground-
based imaging. It is therefore possible we include sections in the interarm regions that the
occulting techniques would not resolve as “inter-arm”, increasing our values of opacity for
those regions with respect to the occulting galaxy technique.
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Figure 3.8: Same as Figure 3.7 but the numbers of galaxies from the science fields were
corrected for inclination using equation 3.2 and ε = 0.5.
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Figure 3.9: The radial extinction profile from the counts of field galaxies (lines) and the
occulting galaxy technique (points). Top panel shows the “arm” regions, bottom the “inter-
arm” regions. The solid line is the SFM extinction profile uncorrected for inclination with
the uncertainty denoted by the dot-dash lines. The dashed line shows the opacity corrected
using ε = 0.5. The filled squares and diamonds are the AI and AB from White et al. (2000),
respectively, and the triangles are the opacities from Domingue et al. (2000). All symbols
are uncorrected for inclination. Typical uncertainties for these are of the order of a couple of
tenths of magnitude.
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Figure 3.10: The average opacity as a function of radius, taken over our entire sample (top
left) and for all Hubble types in our sample. LSB galaxies are treated as a separate Hubble
type. UGC 6614 is the most distant galaxy in our sample (with the smallest R25), and hence
the wide coverage in radius for the LSB galaxies but with large uncertainties for the opacities.
The number between brackets is the number of WFPC2 fields averaged for each plot.
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Figure 3.11: The radial extinction profile from the counts of field galaxies and the occulting
galaxy technique (lines and points as in Figure 3.9) for the spiral galaxy Hubble subtypes that
both techniques have in common, the Sb and Sbc galaxies. Points in Figure 3.9 without a
spiral galaxy subtype noted in White et al. (2000) and Domingue et al. (2000) are omitted.
Lines are the same as in Figure 3.9.
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The SFM provides an independent verification of the occulting galaxy technique using
a fundamentally different approach. In addition, a component was added to the distinction
between arm and inter-arm parts of the disk, namely the “outside”, meaning not directly
enclosed by spiral arms. The fact that this component is not fully transparent raises the
possibility of a dust disk extending beyond the spiral arms (Figure 3.8).

3.5.3 Hubble Type

With the effect of spiral arms on the opacity profile, the Hubble type is likely to have an
influence on the profile. Figure 3.10 shows the extinction profiles averaged per Hubble type.
Hubble types Sab through Sd are presented, as well as the average opacity profile of the
two LSB galaxies in our sample. Hubble types Sab through Scd in our sample show disk
extinction up to the R25. The Sab result is tentative, because of the poor statistics from
only two WFPC2 fields. This is consistent with results on disk scale-length in different
photometric bands (Peletier and Balcells 1996) The Sd and LSB galaxies however appear
effectively transparent. LSB galaxies were in fact assumed to be transparent by O’Neil et al.
(2000) when they discussed the morphology of field galaxies seen though them. However,
both profiles, Sd and LSB, are based on only two WFPC2 fields, which accounts for the higher
uncertainties. When we compare early type galaxies with later types, it appears that the later
type galaxies (Sbc-Sc) show more extinction and do so at larger radii. The Sb galaxies show a
bump that appears to be associated with higher extinction from the more tightly wound spiral
arms.

Figures 3.12 and 3.13 show the radial profiles for arm and disk -both inter-arm and outside
regions- for our sample divided into early and late spiral galaxies. A finer separation in
Hubble type would have resulted in even higher uncertainties, because of the lack of solid
angle and hence statistics. The solid angle of each radial annulus is also plotted. Purely arm
regions do not dominate the opacity profiles. However, the interarm regions are similar in
behaviour (Figures 3.7 and 3.8). The inner parts of the profile are therefore more arm-like,
while the remainder is disk dominated.

The radial dependence of arm and inter-arm regions is more pronounced in the case of
earlier galaxies than for later types. The opacity in the spiral arms is substantially higher than
in the disk, for both early and late types. The total profiles show bumps at 0.9 and 1.1 R 25

for the early and late types, respectively. In the case of the early types this seems due to the
spiral arm contribution at that radius. The bump for the late types is not as significant, but it
might be related to the general position of spiral arms as well.

3.6 Average color of the field galaxies

The average color of the field galaxies found in the science fields can, in principle, tell us
something about the actual dust geometry responsible for the drop in numbers. If there is a
correlation between the average reddening of the field galaxies and the average opacity of
the foreground spiral, then the dust extinction responsible for the drop in number of field
galaxies is, at least in part, in the form of a diffuse screen, reddening the visible galaxies. If,
however, the average color of the field galaxies does not change with opacity, then the drop
in their number is likely due to fully opaque clouds with transparent sections between them
to allow for the detection of the unreddened surviving field galaxies.
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Figure 3.12: The average opacity as a function of radius, taken over the early spiral galaxies
(Sab,Sb and Sbc) in our sample, for each of three typical regions in the spiral disk: arm
regions, disk regions enclosed by spiral arms (inter-arm) and disk regions not enclosed by
spiral arms (outside).

Our method influences the average color of the detected field galaxies in several ways.
The V band (F555W) for the synthetic field background was constructed from the original
HDF images in the F606W and F450W filters. However, González et al. (1998) estimated that
this introduces a negligible error. Crowding introduces blended objects in the synthetic fields.
The synthetic counts are corrected for this effect, but it does influence the average color. The
simulated dust extinction we used was grey, so no preferred reddening was introduced in
the synthetic fields. However, our automated selection procedure for field galaxy candidates
selects against very blue objects, introducing a preference for red galaxies. A similar selection
effect may take place in the visual check of the science fields, as blue objects are treated
as suspected foreground objects. Overall, these selection biases cause the average color of
the field galaxies in the science and synthetic fields to be redder than the average for an
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Figure 3.13: The average opacity as a function of radius, taken over the late spiral galaxies
(Sc,Scd and Sd) in our sample, for each of three typical regions in the spiral disk: arm regions,
disk regions enclosed by spiral arms (inter-arm) and disk regions not enclosed by spiral arms
(outside).

unobstructed field of distant galaxies. The effects of blended objects on the average colors of
science and synthetic fields are not identical, as not all blends have been removed from the
synthetic counts. Nonetheless, we can compare the trends of both these average colors with
radius.

The average (V-I) color of the field galaxies found in the science fields, the simulation
without extinction (A = 0), and the opacity derived from the galaxy numbers are plotted
as a function of radius in Figure 3.14. The average (V-I) color of the field galaxies in the
science fields does not change with radius and hence average opacity. The average color of
the synthetic field objects appears to become bluer with radius. However, beyond 1.4 R 25 the
number of objects is very small and the averages should be treated with caution. Comparing
the average color of distant galaxies from science and synthetic fields for the inner part of the
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Figure 3.14: Color changes with radius based on the entire sample of 32 WFPC2 exposures.
Top panel: the average (V − I) color of field galaxies found in the science fields as a function
of radius. The error bars denote the standard deviation of the distribution of (V − I) colors.
The dotted line is the average of the synthetic field objects. Middle panel: the number of
field galaxies found in the simulated fields without extinction (shaded histogram) and in the
science field (solid histogram) as a function of radius. Bottom: the opacity derived from the
numbers of field galaxies as a function of radius, expressed in R25.

disk, the average of the science field objects is redder than the synthetic field average. This
difference in average color is likely the result of blends with blue foreground objects being
inadvertently included in the selection of synthetic field objects. The number of objects from
the synthetic fields was corrected for this effect (see also Chapter 2 (Holwerda et al. 2005a),
but the average color was not. The science field objects do not suffer from this problem
as they were checked visually for blended objects. The field galaxies seen in the science
fields are likely visible in parts of the disk that are nearly transparent or, alternatively, the
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dust screen in the disk behaves according to the “grey” extinction law. This is remarkable,
considering the bias towards redder objects throughout our method.

Figure 3.15: The average galaxy color (V − I) as a function of average opacity (A I ). The
error bars denote the average uncertainty in opacity and average standard deviation in the
distribution of colors of field galaxies from the science fields. The dotted line is the Galactic
reddening law, normalized on the average color of the HDF galaxies. The dashed line the
average color of the HDF galaxies, identified as such by our algorithm without any foreground
field. Selection effects and blends most likely account for the reddening compared to the HDF
galaxies.

Figure 3.15 shows the average color-extinction measurements for the field galaxies in the
science fields. The Galactic extinction law is shown for comparison. Each point has been
determined in a radial annulus, for all the fields combined (Figure 3.2) and for the typical
regions (Figure 3.7, but with the finer radial sampling of Figure 3.2.). Without distinction
between regions, no trend with opacity can be discerned for the average color.
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The average color in the arm regions does not seem to increase much with opacity. The
arm extinction is decidedly grey, something also found by González et al. (1998). For the
disk regions, no distinct trend can be seen, and they do not seem to follow the Galactic law
very closely. González et al. (1998) found the disk region of NGC 4536 to be more Galactic
in its reddening law. There is an average reddening with respect to the average (V-I) color
of the HDF objects identified as galaxies by our algorithm without a foreground disk. This
reddening is likely the result of the effects of the visual check and contamination of the color
measurement by stray disk light.

These color-extinction relations for both arms and disk seem to be greyer than the Galactic
extinction slope, favouring the possibility that at least part of the extinction is in opaque
clouds. The uncertainties are such, however, that even for our increased statistics no good
relation between opacity and color can be found.

3.7 Surface brightness and opacity

The counts of distant galaxies were added per radial annulus, expressed in R 25. In addition,
the flux and solid angle from each field can be added for each radial annulus. The averaged
surface brightness (SBI) and the average opacity (A) from each radial bin in Figure 3.2, are
plotted in Figure 3.16. These values for the radial bins per typical region in Figure 3.7 are
plotted as well, but with finer sampling. There is a hint of a relationship between luminosity
and extinction. This is consistent with the relation found by Giovanelli et al. (1995) and Mas-
ters et al. (2003) between overall disk opacity and the galaxy’s total luminosity. The solid
angles over which the surface brightness and opacity were averaged were selected by radius
and not luminosity. Areas with different surface brightnesses are therefore combined at each
radius, smoothing out any relation between opacity and surface brightness. Hence, most of
the points in Figure 3.15 are around the same opacity and the range of surface brightness
values is small. Nevertheless, the values of high extinction and brightness (SB I < 18.5) do
show some relationship between surface brightness and opacity, with arm regions display-
ing more extinction at the same surface brightness levels than the inter-arm disk. The disk
values appear to show no correlation, but these values are per definition not for high surface
brightness levels. And yet, together with the higher values of opacity found for the spiral
arms, the points are not inconsistent with a relation between opacity and luminosity. Opacity
measurements in partitions of the WFPC2 images based on average surface brightness in-
stead of radius should reveal any relation more clearly. This comparison between extinction
and emission will be presented, in more detail, in a later paper.

3.8 Discussion

From the number of field galaxies found through the disks of spiral galaxies, a quantitative
picture of extinction as a function of radius can be found. The SFM is too limited by poor
statistics to obtain a good result for individual fields. However, a meaningful measurement
can be derived from a combination of several galaxies. The effect of spiral arms on the radial
extinction is quite distinct and dependent on Hubble type. From these radial plots it becomes
clear that the dust in the disk is not one smooth layer sandwiched between the disk’s stars,
but two separate components: radially dependent spiral arms and a more transparent but also
extended disk. In addition, there is a highly opaque central bulge component.
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Figure 3.16: The average opacity as a function of average surface brightness. Both surface
brightness and opacity were determined from the radial annuli in Figure 3.2. In these same
annuli the opacity and surface brightness were determined for each typical region. Radial
annuli regardless of type of region are the dots. Values from annuli in the arm regions are
the squares. Disk values in the inter-arm and outside regions are the triangles and diamonds
respectively.

Whether the average opacity is a result of dust clouds or a smooth screen of grey dust, is
difficult to determine from the numbers, colors, and luminosities of the field galaxies found
through the disks of our sample. However, the relative independence on inclination of the av-
erage opacity measured from numbers of spiral galaxies and the grey relation between opacity
and average field galaxy color, both point towards a patchy distribution of the absorbing dust
in the disk.

Assuming that the optical depth of the disk can be expressed as τ = ln(1 − f), where f is
the area filling factor, the average opacity of AI ≈ 0.5 would require a filling factor of 40%
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of the disk, a figure that rises to 85 % in the spiral arms. While the visible dust lanes can
account for at least a part of these clouds, other dust clouds are likely embedded in the disks
and arms. This patchy coverage explains the occasional distant galaxy seen through a spiral
disk (Roennback and Shaver 1997; Jablonka et al. 1998), which has sometimes been used
as anecdotal evidence for transparent disks. The disk is in fact relatively transparent where
background galaxies are seen. However, by calibrating the number of the distant galaxies
found, a very different picture emerges.

While this result is consistent with earlier findings, these values are likely upper limits,
not lower ones. Any inclination correction would lower the face-on value for extinction.
However, the patchy nature of dust extinction is likely responsible for a high variety of ex-
tinction values in the disk. Integrated measurements such as light profiles, however, will
be affected according to the presented opacity values. A possible relation between extinc-
tion and brightness would also cast doubt on the fixed mass-to-light ratios generally assumed
when modeling the kinematics of a spiral disk.

3.9 Conclusions
The effects of dust extinction on the number of field galaxies found in our fields lead us to
the following conclusions:

1. The SFM gives an unbiased but uncertain measure of opacity for single WFPC2 fields
(Table 3.3).

2 On average, the disk of a spiral galaxy has an opacity in I of ≈1 magnitude (Figure
3.2).

3 The extinction measured from the number of field galaxies seems to be independent
of the inclination of the foreground disk over the range in i covered by our sample
(10◦ < i < 70◦) (Figure 3.5). This is consistent with fully opaque flattened clouds
covering a fraction of the area as the cause of the observed average opacity.

4 The absorption profile for typical regions in the disk is strongly influenced by the spiral
arms. Spiral arm regions are the most opaque and display a radial dependence. The
disk regions enclosed by a spiral arm are also more opaque than other disk regions and
display a similar radial dependence (Figure 3.7).

5 The radial extinction curves derived from numbers of background galaxies and those
reported by the occulting galaxy technique agree reasonably well (Figure 3.9 and 3.11),
although a systematic effect in either technique (or both of them) seems to be present
in the interarm results (Figure 3.10).

6 Sc galaxies show much more opacity in their central regions than other types (Figure
3.11).

7 All Hubble types earlier than Scd in our sample show substantial disk extinction in I
up to R25 (Figure 3.11).

8 The numbers from Sd and LSB galaxies are consistent with a transparent disk, but these
measurements are limited by statistics. (Figure 3.11).
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9 Both early and late type spiral galaxies exhibit the extinction profiles of the two distinct
components: a radially dependent one (arm and inter-arm), and a more extended disk
(outside arms) (Figures 3.12 and 3.13).

10 The average color of the distant galaxies identified in the science fields does not change
with either radius or the opacity derived from their numbers (Figure 3.14).

11 The grey nature of the absorption derived from field galaxy counts and colors holds for
all typical regions (Figure 3.15). The absence of inclination effects and the grey nature
of the absorption is consistent with strongly absorbing dense clouds masking off the
distant galaxies. Their covering factor in the disk would be around 40%, regardless of
cloud sizes (which our technique cannot provide).

12 The average surface brightness in radial annuli and the corresponding average opacity
derived from distant galaxy counts appear correlated. They are consistent with a rise of
opacity with surface brightness. (Figure 3.16). Although the range of surface bright-
ness is small and the uncertainty in opacity rises with higher surface brightness, this
is in good agreement with earlier results for bright galaxies. This would constitute a
relation between dust mass and light.

The “Synthetic Field Method” has proven itself to be a useful, model-independent tech-
nique for measuring the total opacity of spiral disks. It can be applied to any spiral disk at
intermediate distance for which high resolution imaging is available. We will present further
results for opacity as a function of surface brightness in Chapter 5 (Holwerda et al. 2005d).
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Abstract

The opacity of spiral galaxy disks, from counts of distant galaxies, is compared to HI column
densities. The opacity measurements are calibrated using the “Synthetic Field Method” from
González et al. (1998); Holwerda et al. (2005a). When compared for individual disks, the
HI column density and dust opacity do not seem to be correlated as HI and opacity profile
follow different radial profiles. To improve statistics, an average radial opacity profile is
compared to an average HI profile. Compared to dust-to-HI estimates from the literature,
more extinction is found from these profiles. This difference may be accounted for by a
sensitivity for dust temperature in earlier measurements. Since the SFM is insensitive to the
dust temperature, the ratio between the SFM opacity and HI could very well be indicative
of the true ratio. Earlier claims for such an extended cold dust disk were based on sub-mm
observations. A comparison between sub-mm observations and counts of distant galaxies
is therefore desirable. We present the best current example of such a comparison, M51,
for which the measurements seem to agree. However, this remains an area where improved
counts of distant galaxies, sub-mm observations and our understanding of dust emissivity are
needed.
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4.1 Introduction

The relationship between gas and dust in spiral disks has been the focus of many observational
studies often combined with efforts to characterize the chemical composition. Dust plays an
important role in the energy and chemistry budgets of the disk, as is evident in our own
Galaxy. The question comes simply down to whether the dust is distributed as the stars,
which produce it, or like the gas, such as atomic hydrogen, which is dynamically coupled to
it. Furthermore, some fraction of the gas which is associated with the dust will be in the form
of cold dark molecular clouds, which may be of very high opacity. Cold dust can in principle
be detected by sub-millimeter emission or through the extinction of a background source.

A first attempt to characterize cold dust clouds and their relation to HI in a nearby galaxy,
was by Hodge (1980); his figures 8 and 9 show the radial distribution of the number of
dark clouds and HI column density along the minor and major axes of M31. No correlation
between the two tracers was found.

In recent years, the Infrared Space Observatory (ISO), and the Sub-Millimeter Common
User Bolometer Array (SCUBA) on the James Clerk Maxwell Telescope have detected and
mapped the cold dust component of spiral disks. This cold component has been found at
much larger radii in galaxy disks than the warm dust. Alton et al. (1998c) and Trewhella
et al. (2000) found evidence from ISO for cold dust at larger radii. Alton et al. (1998a, 2000b)
studied the distribution of emission in NGC 891 and also found evidence for a cold dust disk.
Alton et al. (2000a) found evidence for dust outside the optical disk in NGC 660. In addition,
Bianchi et al. (2000b) and Alton et al. (2004) found a correlation between CO and 850 micron
emission in NGC 6946 and interpreted it as evidence for a correlation between molecular
hydrogen and this cold dust. The relation between gas and dust has been explored using the
SCUBA array and synthesis mapping of the atomic hydrogen (HI). Recent SCUBA results
(Stevens et al. 2005; Thomas et al. 2004) are presented in relation to HI column density.
Stevens et al. (2005) gives the ratio between gas and dust masses and Thomas et al. (2004)
compare the radial extent of dust and HI and find similar scalelenghts for both.

Spectral energy distribution modeling (SED) of edge-on galaxy disks (Popescu et al.
2000; Misiriotis et al. 2001; Popescu and Tuffs 2002) indicate that the dust’s emission is
powered by the illumination of clouds by a young population of stars. In general, the dust
clouds illuminated by a source dominate the flux in the infrared emission. Therefore, a cold
dust component is relatively more prominent at higher radii where the dust clouds are not
illuminated as much by young stars.

Parallel to this observational effort to characterize the sub-millimeter emission, there is an
effort to characterize the extinction in disks using known background sources. Two types of
known background sources are in use: occulted galaxies and the number of distant galaxies.
The occulting galaxy technique has been exhausted on the rare nearby pairs (White and Keel
1992; Andredakis and van der Kruit 1992; Domingue et al. 1999a; White et al. 2000; Domin-
gue et al. 2000; Keel and White 2001a,b). Domingue et al. (1999a) compared the extinction
and dust emission in their pairs and found reasonable agreement between dust masses and no
need for an extremely cold (T < 10K) component.

The present chapter is one of a series using the number of distant galaxies seen through
the foreground disk in Hubble Space Telescope (HST) images as an extinction probe. The
identified number of distant galaxies suffer from crowding and confusion effects. To calibrate
this observed number, González et al. (1998) developed the “Synthetic Field Method” (SFM).
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A series of synthetic fields is constructed, with the original science field to which a dimmed
deep field is added. From the relation between detected added background galaxies and the
dimming of the deep field, the average dimming of the science field can be inferred. Chapter
2 (Holwerda et al. 2005a) we automated this method and Chapter 3 (Holwerda et al. 2005b)
we reported on the radial opacity profiles of a sample of nearby galaxies.

In this Chapter, the radial opacity profiles from Chapter 3 (Holwerda et al. 2005b) are
compared to HI surface density profiles from the literature for the same galaxies. The in-
ferred ratios and radial profiles are compared to those obtained from sub-mm observations
and others in the literature.

This chapter is organized as follows: section 4.2 gives a brief description of the “Synthetic
Field Method”. The HI surface density radial profiles, radial opacity profiles and their ratios
are presented in section 4.3. Radial opacity-to-HI profiles averaged for the whole sample
are compared to values from the literature in section 4.4. Section 4.5 compares the sub-mm
profiles from the literature to our opacity profiles. The conclusions are summarized in section
4.6 with a view to future work in section 4.7.

4.2 The “Synthetic Field Method”
The number of distant galaxies seen through a spiral disk does not only depend on the level
of extinction in the disk but also on the crowding and confusion by the objects in the fore-
ground disk. To calibrate the effects of crowding and confusion, González et al. (1998) and
Holwerda et al. (2005a) (Chapter 2) developed the “Synthetic Field Method” (SFM). This
method consists of several steps. First the number of distant galaxies seen in the science field
is identified. The selection is based on object characteristics and color and visually checked.
Secondly, a series of synthetic fields is constructed. These are the original science field with
a Hubble Deep Field added, dimmed to mimic dust extinction. Thirdly, the added distant
galaxies are identified in these synthetic fields. A relationship between the dimming of the
synthetic field (A) and the number of added galaxies retrieved (N) can be found and we fit
the following equation to this:

A = −2.5 C log

(
N

N0

)
, (4.1)

where C characterizes the crowding and confusion for this particular science field and N 0

is the number of galaxies expected in the case of no dimming by dust. Substituting N by
the number of galaxies found in the science field, equation 4.1 yields the average opacity for
the field. The counts of distant galaxies are done in I band images and hence we report the
opacities as AI .

Cosmic variance in the number of distant galaxies in a given field adds an extra uncer-
tainty to the number of distant galaxies found in the science field. As a result, opacity meas-
urements in a single WFPC2 fields or sections thereof have high uncertainties associated with
them. To combat this, we have automated this method (Holwerda et al. 2005a) and applied
it to a sizeable sample of archival WFPC2 fields (Holwerda et al. 2005b). In this series of
chapters, we have explored the relations of disk opacity with radius (Holwerda et al. 2005b),
the surface brightness (Holwerda et al. 2005d) and HI in this chapter. Holwerda et al. (2005e)
explore the limitations of this method as predicted by González et al. (2003), concluding that
the optimal foreground disk distance is somewhere between 5 and 30 Mpc.
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Table 4.1: HI surface density profiles from the literature. Some of these profiles may suffer
from short-spacing problems which would underestimate the flux from HI on larger scales.

Galaxy Type Instrument R25 Reference
NGC 925 SAbd WSRT 10.47 Wevers et al. (1986)

VLA Pisano et al. (1998)
NGC 1365 SBb VLA 11.22 Jorsater and van Moorsel (1995)
NGC 1425 SBb - 5.75 -
NGC 1637 SAB(rs)c - 3.98 -
NGC 2541 SAcd WSRT 6.31 Broeils and van Woerden (1994)
NGC 2841 SAb WSRT 8.13 Bosma (1981)
NGC 3198 SBc WSRT 8.51 Wevers et al. (1986)
NGC 3319 SB(rs)cd WSRT 6.17 Broeils and van Woerden (1994)
NGC 3351 SBb - 7.41 -
NGC 3621 SAc - 12.3 -
NGC 3627 SAB(s)b - 9.12 -
NGC 4321 SABbc WSRT 7.41 Warmels (1988)

VLA Cayatte et al. (1994)
NGC 4414 SAc VLA 3.63 Thornley and Mundy (1997)
NGC 4496A SBm - 3.98 -
NGC 4527 SAB(s)bc - 6.17 -
NGC 4535 SABc WSRT 7.08 Warmels (1988)

VLA Cayatte et al. (1994)
NGC 4536 SAB(rs)bc - 7.59 -
NGC 4548 M91 SBb WSRT 5.37 Warmels (1988)

VLA Cayatte et al. (1994)
NGC 4559 SAB(rs)cd WSRT 10.72 Broeils and van Woerden (1994)
NGC 4571 SA(r)d WSRT 3.63 Warmels (1988)
NGC 4603 SA(rs)bc - 3.39 -
NGC 4639 SABbc WSRT 2.75 Warmels (1988)
NGC 4725 SABab WSRT 10.72 Wevers et al. (1986)
NGC 6946 SAB(rs)cd VLA-D 11.48 Tacconi and Young (1986)
NGC 7331 SAb WSRT 10.47 Bosma (1981)
M51 SA(s)bc WSRT 5.61 Bosma (1981)
M81 SA(s)ab WSRT 13.46 Cayatte et al. (1994)
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Figure 4.1a: The HI and opacity profiles of individual galaxies in our sample. A I is ex-
pressed in magnitudes, the atomic hydrogen surface density (ΣHI) in solar masses per square
parsec (M�pc−2). The HI surface density profiles often do not have uncertainties reported
with them. See Table 4.1 for the original reference for the HI surface density profiles. The
most recent profiles are used in all cases. NGC 4414 has two WFPC2 fields associated with
it.

4.3 Individual galaxies: radial HI and opacity profiles
The number of distant background galaxies as a function of HI column density is best directly
measured using an overlay of the HI column density map on an HST field. See for example
the analysis by Cuillandre et al. (2001) of a ground-based field in M31. However, since the
HI column density maps are not easily available and not uniform, the relation between radial
profiles of HI and opacity is used.

Chapter 3 (Holwerda et al. 2005b) present radial profiles for individual galaxies and com-
posites of fields (Their Table 3). HI surface density profiles were taken from the literature
for the subset of our sample for which these were available (Table 4.1). HI surface density
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Figure 4.1b: The HI and opacity profiles of individual galaxies in our sample.

profiles of the galaxies were extracted from the literature using the DEXTER program (Dem-
leitner et al. 2001) and rescaled to express radius in R25 (de Vaucouleurs et al. 1991) and
surface density in M� pc−2.

In Figure 4.1a and 4.1b the individual radial surface density profiles of HI and the opacity
profiles are shown. The opacity was determined for the sections of the WFPC2 fields corres-
ponding to radial intervals of 0.25 R25. Both the opacity profiles and the HI surface density
profiles of spiral disks display a variety of shapes. However, in general, the HI profile peaks
somewhere in the disk and flattens out or dips near the galaxy’s center. The opacity profiles
show a gradual rise towards the disks center.

To see if there is correlation between HI surface density and disk opacity, the values of
the profiles in Figures 4.1a and 4.1b are plotted in Figure 4.2. Averaged over radial intervals
of 0.25 R25, there seems to be no correlation between HI column density and dust opacity
in a spiral disk. The lack of a relation may be explained by the fact that the opacity pro-
files generally rise in the center of galaxies (Holwerda et al. 2005b), while radial HI surface
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density profiles often show a drop in the galaxy’s center (See also Figures 4.1a and 4.1b).
Alternatively, part of the hydrogen gas may be associated in molecular clouds, undetected in
HI observations.

Figure 4.2: The average opacity (AI ) and surface density (ΣHI ) for radial annuli of 0.25
R25 in individual galaxies in our sample (See Figures 4.1a and 4.1b).

4.4 Dust-to-HI ratio
To reduce the uncertainties in the opacity measurement, the galaxy counts from several fields
must be combined. This can be done e.g. per Hubble type or for the entire sample (See
Chapter 3 (Holwerda et al. 2005b) for this type of analysis).

In Figure 4.3, the average HI-to-opacity plot based on our entire sample (Table 4.1) is
compared to HI-to-opacity measurements from the literature. To obtain this HI-to-dust pro-
file, the opacities were re-derived and the HI profiles averaged. First, all the counts of distant
galaxies, from all the synthetic and science fields, were combined. Then the opacity was
derived again from the combined counts in radial intervals, using equation 4.1. The HI sur-
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face density profiles from figures 4.1a and 4.1b were combined by adding mass and surface
contributions of each profile in a radial section and taking the ratio of the sums.

M33
M51 M81

M100

M101
M106

Figure 4.3: The radial dust-to-HI profiles from Issa et al. (1990), Mayya and Rengarajan
(1997), Boissier et al. (2004) and this chapter (thick line, uncertainties are dashed). The
symbols are the values from Issa et al. (1990) (Hα/Hβ ratio). Note how these are higher
for the same galaxy as the values from Boissier et al. (2004). The three bottom lines are
the Mayya and Rengarajan (1997) (IRAS 60 µm emission) average ratio, for the different
conversion factors between the 60 µm optical depth and the V band optical depth (τ V / τ60).
The curves in the middle are the dust-to-HI profile from Boissier et al. (2004)(UV/FIR ratio),
for their 6 galaxies, converted to I band extinctions using Boselli et al. (2003). The arrow
right is the average ratio from Stevens et al. (2005) (850 µm emission), the combined warm
and cold dust over HI. The cross for M31 is from Cuillandre et al. (2001).

An average opacity taken over many galaxies does not suffer from poor statistics as the
individual profiles, but small scale variations are smoothed out.The radial profile of dust-to-
HI remains relatively constant for most of the optical disk and turns upward beyond that.
At this point, the HI profiles diminish but the opacity profiles remain more or less constant.



DUST-TO-HI RATIO 87

The radial profile becomes more uncertain beyond R25 as the WFPC2 fields used for the
SFM analysis were centered on the optical disk (See for more on the selection of our original
sample Chapter 3 (Holwerda et al. 2005b).). For illustration, only two galaxies have enough
counts for a reasonable SFM measurements beyond the R25. This trend of the dust-to-HI
ratio beyond the R25 is therefore correspondingly uncertain.

The comparison data from the literature are based on a series of techniques to determine
the dust content. Issa et al. (1990) compile dust-to-HI measurements from the literature for
a few nearby galaxies and normalize these to the Galactic value of Bohlin et al. (1978) and
a distance of 0.7 R25 from their galaxies’s center. These values from Issa et al. (1990) are
derived from the line ratio between Hα and Hβ. Mayya and Rengarajan (1997) infer aver-
age dust-to-HI profiles from IRAS emission at 60 micron which traces only the warm dust.
They give a range of conversion values for the optical depth at 60 micron and in V. Boissier
et al. (2004) present radial dust-to-HI profiles for 6 galaxies deduced from the FIR/UV ratio.
Cuillandre et al. (2001) derive a relation between HI column density and stellar reddening for
M31. The average HI-to-dust ratio from the sub-mm observations of disks by Stevens et al.
(2005) is also indicated (the arrow). Their total sub-mm flux density was converted using the
ratio found by Alton et al. (1998b) and an estimate of the disk area using the D 25.

The comparison to other results in Figure 4.3 raises the question why the opacity meas-
urement from the number of distant galaxies results in a dust-to-HI ratio that is an order of
magnitude higher than the nearest recent estimate (Boissier et al. 2004). The opacity measure
from the counts of galaxies is averaged over a series of Hubble types and HI profiles. The
older HI surface density profiles may underestimate the HI. The opacities are predominantly
determined for fields with a spiral arm while the HI profiles are averaged over the whole of
the disk. This may also contribute to the difference in opacity-to-HI ratio. The dust-to-HI ra-
tio estimates from the literature rely on the light of the disk itself to estimate the dust content.
This inherently biases the measurement to lower extinction values, as not the entire height of
the disk is responsible for the observed extinction and the measured light is biased towards
low-extinction lines of sight. The different manner in which the dust content was estimated
may also play a role. The values from Issa et al. (1990) are for very specific parts of the disk,
e.g. the HII regions, and these were scaled to a single radius. Still, the ratio is similar to
those found by other authors for the whole of the disk. The infrared measures of Mayya and
Rengarajan (1997) show substantially more HI for a given amount of dust. Most likely this is
the effect of their observational technique which is more sensitive to the warmer component
of the dust in the spiral disk, which dominates the infrared emission. By taking the ratio of
UV and far-IR flux, Boissier et al. (2004) can characterize better the dust content of a disk.
The average value from Stevens et al. (2005) is again closer to this chapter’s profile.

The progression from the values of Mayya and Rengarajan (1997) to those of Boissier
et al. (2004) and Stevens et al. (2005) indicates that the more sensitive the dust indicators
become for the colder dust in a disk, the more dust is detected in relation to the HI. It has also
been found by several authors (Alton et al. 1998b; Popescu and Tuffs 2002) that the bulk of
the dust reveals itself when more sensitive dust indicators are used. Taken in this context, the
SFM estimate (the thick line in Figure 4.3) of dust content of disks, which is independent of
dust temperature, may reflect the actual total dust-to-HI ratio.
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Figure 4.4: The profile of M51 from Meijerink et al. (2005) (dashed lines) and the opacities
from Chapter 3 (Holwerda et al. 2005b) (points). Solid points are the individual WFPC2
fields, the open triangles are the derived from combined WFPC2 fields. The errorbars shown
are for the combined opacity and the radial bin size is 0.25 R 25. The top axis shows the
radius in R25). Conversion from the SCUBA profile to an opacity in V used two times the
Galactic emissivity at 850 micron and the Galactic reddening law was used to convert the
opacity profile in V to one in I.

4.5 Comparison to SCUBA profiles.

The SCUBA detector on the JCMT detects sub-mm emission from cold dust in spiral disks.
In order to verify whether or not this cold dust is responsible for the opacity measured with
the SFM, a direct comparison should be made. Four galaxies in our sample were mapped
in the 850 µm band by different authors (Alton et al. 2001c, 2002; Meijerink et al. 2005;
Stevens et al. 2005). However, the individual opacity measurements and the conversion from
850 micron flux to an optical depth do not allow for a good comparison. The exact emissivity
of dust grains at these wavelengths may still be underestimated (Alton et al. 2000b, 2004;
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Dasyra et al. 2005). To illustrate a comparison between a SCUBA map and our counts, we
present the best current example: the exponential disk found by Meijerink et al. (2005) of
M51 and our distant galaxy counts from two WFPC2 fields.

4.5.1 M51

Meijerink et al. (2005) present a detailed map of the 850 micron emission, as well as an
optical depth profile from the exponential disk. Figure 4.4 shows the 850 micron emission
profile from Meijerink et al. (2005) translated to an opacity value in V and I and the opacity
measurements of the two WFPC2 fields and their average. Our WFPC2 fields predominantly
miss the sections of the disk for which Meijerink et al. (2005) report additional flux from the
spiral arms. However, a proper comparison can be done when the sub-mm observation and
the counts of distant galaxies are from the same size field. For now we can only conclude that
the points and profile seem to agree.

4.5.2 Comparing to sub-mm

A good comparison between opacity and sub-mm flux can be obtained with more and better
sub-mm maps and sufficient counts of distant galaxies. The new SCUBA-2 instrument on
the JCMT promises to facilitate this mapping of nearby galaxies. However the expected
emissivity of dust grains must then also be known for an accurate comparison. An advantage
of the counts of distant galaxies is that they can be extended to larger radii and lower opacity
values and can independently verify the profile found from sub-mm observations.

4.6 Conclusions

In summary, we draw the following conclusions from the comparison between opacity from
the number of distant galaxies with HI profiles:

1. The HI and opacity profiles of individual fields do not seem to correlate well. This
may be due to the rise of opacity in the center while there is often a dip in the atomic
hydrogen surface density profile there. However, high uncertainties plague the single
field opacity measurements. (Figures 4.1a,4.1b and 4.2).

2. The dust-to-HI ratio depends on the tracer used for the dust content. When a tracer
sensitive to colder dust is used, a higher dust-to-HI value is found (Figure 4.3). The
SFM opacity, which is independent of the dust temperature, could very well point to
the true dust to HI ratio in spiral disks.

3. A direct comparison between sub-mm emission and SFM opaciy is problematic as
few galaxies in our sample have been observed at these wavelengths. It is possible
that both methods trace the same component (Figures 4.4) but more data and a better
understanding of dust emissivity is needed for confirmation.

4.7 Future Work

The relation between sub-mm emission and opacity is an important area for future work. A
more accurate comparison between the SFM opacity profile and the SCUBA emission profile
of M51 should become possible in the near future with the HST/ACS observations by the
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Hubble Heritage Team. A similar comparison could be made for M101, provided such a
large solid angle could be successfully scanned by the new SCUBA-2 or its successors.

By comparing the SFM opacity to HI column density averaged over a radial interval, the
variations are smoothed out. A more direct approach is to compare SFM opacity directly in
contours of HI column density. This requires uniform HST imaging of a nearby galaxy and
a deep and uniform HI map as well. Such data exists for M101 and M51 and the relation
between HI and dust could then be characterized more accurately and to a greater radius.
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Abstract

In this chapter we explore the relation between dust extinction and stellar light distribution
in disks of spiral galaxies. Extinction influences our dynamical and photometric perception
of disks, since it can distort our measurement of the contribution of the stellar component.
To characterize the total extinction by a foreground disk, González et al. (1998) proposed the
“Synthetic Field Method” (SFM), which uses the calibrated number of distant galaxies seen
through the foreground disk as a direct indication of extinction. The method is described
in González et al. (1998) and Chapter 2 (Holwerda et al. 2005a). To obtain good statistics,
the method was applied to a set of HST/WFPC2 fields (Holwerda et al. 2005b) and radial
extinction profiles were derived, based on these counts. In the present chapter, we explore
the relation of opacity with surface brightness or color from 2MASS images, as well as the
relation between the scalelengths for extinction and light in the I band. We find that there
is indeed a relation between the opacity (AI ) and the surface brightness, particularly at the
higher surface brightness values. No strong relation between near infrared (H-J, H-K) color
and opacity is found. The scalelengths of the extinction are uncertain for individual galaxies
but seem to indicate that the dust distribution is much more extended than the stellar light. The
results from the distant galaxy counts are also compared to the reddening derived from the
Cepheids light-curves (Freedman et al. 2001). The extinction values are consistent, provided
the selection effect against Cepheids with higher values of AI is taken into account. The
implications from these relations for disk photometry, M/L conversion and galaxy dynamical
modeling are briefly discussed.
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5.1 Introduction

Dust extinction has influenced our perception of spiral disks since the first observations of
them. The measurements of disk characteristics, such as the central surface brightness (µ 0),
the typical exponential scale (rtyp) and the mass-to-light ratio (M/L), are all affected by the
dust extinction in the photometric band of observation. The original assertion by Holmberg
(1958) that spiral disks are optically thin to their stellar light came under scrutiny after the
paper by Disney (1990) and the fully contrary result by Valentijn (1990) that they were, in
fact, practically opaque. The debate quickly culminated in a conference (Davies and Burstein
1995), during which many methods to measure the opacity of spiral disks were put forward.
Notably, two methods do not use the disk’s own stellar light for the measurement: the occult-
ing galaxy technique (White and Keel 1992; Andredakis and van der Kruit 1992) and the use
of calibrated counts of distant objects (the “Synthetic Field Method” (SFM), by González
et al. (1998)). Thus far, the following picture of the influence of dust on disk photometry
has emerged from earlier studies, most of which are based on the inclination effect on photo-
metry of a large sample of spiral disks. Tully et al. (1998) and Masters et al. (2003) reported
that disks are more opaque in the blue. Disks are practically transparent in the near infrared
(Peletier and Willner 1992; Graham 2001), making these bands the best mass-to-luminosity
estimator (de Jong 1996). Disks are practically transparent in the outer parts but show sig-
nificant absorption in the inner regions (Valentijn 1994; Giovanelli et al. 1994). The radial
extent of the dust has been explored using the sub-mm emission (Alton et al. 1998b; Davies
et al. 1999; Trewhella et al. 2000; Radovich et al. 2001) and edge-on models (Xilouris et al.
1999). These results indicate that the scalelength of the dust is 40 % larger than that of the
light. The disk’s average extinction correlates with the total galaxy luminosity (Giovanelli
et al. 1995; Tully et al. 1998; Masters et al. 2003). And spiral arms are more opaque than
the disk (Beckman et al. 1996; White et al. 2000).This may be attributed to a more clumpy
medium in the arms in addition to a disk (González et al. 1998). Stevens et al. (2005) found
evidence based on the infrared and sub-mm emission from dust for two thermal components
of the dust, a warm component associated with star formation and a colder component in a
more extended disk.

In this chapter we explore the relation between the light from a spiral galaxy’s disk and
the opacity measured using the SFM. This chapter is organized as follows: section 5.2 sum-
marizes the “Synthetic Field Method”, section 5.3 discusses possible systematic effects in the
method and sample, section 5.4 describes the relation between surface brightness and aver-
age extinction, section 5.5 explores this relation for arm and disk regions, and section 5.6 the
relation between extinction and near-infrared color. In section 5.7, the scalelengths for light
and extinction are compared. A brief comparison between Cepheid reddening and opacity is
made in section 5.8. The implications for measurements involving spiral disks are discussed
in section 5.9, and we list our conclusions in section 5.9.

5.2 The “Synthetic Field Method”

The number of distant galaxies seen through a foreground spiral disk is a function of dust
extinction as well as crowding and confusion in the foreground disk. Distant galaxy num-
bers were used by several authors to measure extinction in the Magellanic Clouds and other
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galaxies2. The “Synthetic Field Method” was developed by González et al. (1998) to calib-
rate an extinction measurement based on the number of distant galaxies in a Hubble Space
Telescope (HST) image. It quantifies the effects of crowding and confusion by the foreground
spiral disk. The SFM consists of the following steps. First, the number of distant galaxies in
the science field is identified. Secondly, synthetic fields are constructed. These are the ori-
ginal science field with a suitable deep field added, which is dimmed to mimic the effects of
dust. The added distant galaxies in the resulting synthetic field are identified, based on object
appearance and color. The number of these synthetic galaxies identified in the synthetic fields
as a function of dimming can then be characterized:

A = −2.5 C log

(
N

N0

)
. (5.1)

A is the dimming in magnitudes, N the number of synthetic galaxies retrieved. N 0 is the
number of galaxies expected in the science field if no extinction was present and C is the
parameter of the fit that depends on the crowding and confusion of the science field. A series
of synthetic fields at varying values for A is made to accurately characterize equation 5.1
for every science field in question. From the relation above and the number of actual distant
galaxies identified in the science field, the average extinction in the field can be determined.
As the cosmic variance causes an additional uncertainty in the original number of distant
galaxies present behind the foreground disk, the uncertainties in the extinction determination
are high for individual fields. For a complete discussion of the uncertainties of the SFM, see
Chapter 2 (Holwerda et al. 2005a). To combat poor statistics, the numbers of distant galaxies
in several images are combined, based on common characteristics of the foreground disks.
Chapter 3 (Holwerda et al. 2005b) combined numbers based on radius and Hubble types.
In this chapter we compare the numbers of distant galaxies for image sections of common
surface brightness and color.

González et al. (2003) and Holwerda et al. (2005e) concluded that the optimal distance
for the SFM is that of Virgo for the HST instruments. Hence our sample of fields is taken for
disks at this range of distances.

5.3 Discussion of systematic effects
There are two possible sources of systematics in the following results: the selection of the
sample of foreground galaxies and possible systematics in the method itself. The systematics
and uncertainties of the method are also discussed in detail in Chapter 2 (Holwerda et al.
2005a) but we briefly list possible systematics here. The selection of the sample is discussed
in Chapter 3 (Holwerda et al. 2005b) but the effects of the smaller sample on the new seg-
mentation of distant galaxy counts are discussed.

5.3.1 Systematics of the Synthetic Field Method

A systematic can creep into the SFM if there is a difference in the object identification in the
science and the synthetic fields. This was one of our main drivers to automate the identifica-
tion process to the highest possible degree. However, a visual check of the candidate objects
is still necessary. Therefore an observer bias can not be completely excluded. See for an
in-depth discussion behind the identification process Chapter 2 (Holwerda et al. 2005a).

2See for a brief review Chapter 2 (Holwerda et al. 2005a)
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There are, however, several reasons why we consider the counts calibrated sufficiently for
any systematics. The radial opacity profile do seem to end at zero extinction at higher radii
(Holwerda et al. 2005b). The radial opacity profile agrees with the values from occulting
galaxies (Holwerda et al. 2005b). And there is good agreement by different observers on the
counts in NGC 4536 (Holwerda et al. 2005a). The Synthetic Field Method was conceived to
calibrate any observer bias. If our identification process has resulted in the removal of blue
distant galaxies together with the HII regions, this has been done equally in both synthetic
and science fields and therefore does not affect the derived opacity value.

Figure 5.1: The number of
foreground galaxies as a func-
tion of 2MASS small aperture
(7”) magnitude from the Large
Galaxy Atlas (Jarrett et al.
2003).

5.3.2 Sample selection effects

Since the SFM requires that we combine several foreground galaxies in order to obtain the
required statistics on the distant background galaxies, there is the risk of selection effects
in our results. The selection criteria for the data-sets in our sample is described in detail in
Chapter 3 (Holwerda et al. 2005b). Essentially face-on spiral galaxies with deep V,I WFPC2
data available are selected. To ensure that the galaxy sample does not display two clearly sep-
arate populations in central surface brightness or color, the histograms of central magnitude
and morphological type are plotted in Figure 5.1 and 5.2. There is no clear indication for a
bimodal distribution in the central surface brightness. There is, however, a selection effect
against the earliest type spirals in our sample as these were not selected for the HST Distance
Scale Key project.

From our original sample (Holwerda et al. 2005b), the following fields could not be used
due to problems with the 2MASS fields (M51-2, NGC 4321 NGC 4414-1/2, NGC 4496A,
NGC 4571, NGC 4603, NGC 4639 and NGC 4725) and the two LSB galaxies (UGC 2302
and UGC 6614) were excluded as well. The numbers from the remaining 23 fields are used
in Figures 5.5 through 5.8. There is a spread in morphological types in these galaxies (Figure
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Figure 5.2: The histogram
of the Hubble types in this
chapter’s sample. The HST
Distance Scale Key project se-
lected in favour of late-type
spirals. However, most spiral
galaxy types later then Sab are
in our sample. See also Figure
3.1 in Chapter 3.

5.2), a factor to take into account in the interpretation of the following results.

5.4 Surface brightness and disk opacity

Giovanelli et al. (1994), Tully et al. (1998) and Masters et al. (2003) linked the overall disk
opacity with the total luminosity of a spiral galaxy. It appears that the brighter spiral disks are
also more opaque. The classical relation between gas, dust and stellar mass in the Milky Way,
is often used as a benchmark. If there is a constant ratio between stars and dust, some relation
is expected between surface brightness and opacity of a spiral disk. The relation between
light and extinction can be explored in more detail, using the SFM. Chapter 3 (Holwerda
et al. 2005b) compared the average radial opacity of their sample to the average radial surface
brightness and found a tentative relation between the surface brightness of a radial annulus
and its opacity based on counts of field galaxies (Figure 3.16 in Chapter 3 (Holwerda et al.
2005b)).

The computation of an average surface brightness per radial interval, integrated over all
these disks, smoothes all the variations in surface brightness. To explore any relation between
surface brightness and opacity without this smoothing, the counts of distant galaxies must be
done for a surface brightness interval, not a radial one.

Each of the distant galaxies found in either synthetic or science fields was flagged with
the surface brightness of the corresponding position in the 2MASS (Jarrett et al. 2003) image
in the H, J and K bands. This allows us to sort the distant galaxies according to disk surface
brightness, regardless of their position in the foreground disk. In Figures 5.3, 5.4, and 5.5
we plot the opacity versus surface brightness in the H, J, and K band respectively. The top
panes show the number of field galaxies found at each surface brightness, both in the science
field and the synthetic fields without any extinction (A=0). In Figures 5.3, 5.4, and 5.5 , the
middle panel shows the opacity without distinguishing between arm and disk. The bottom
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two panels show the derived opacity from the counts in just the spiral arm or disk regions
respectively.

The drop of the number of synthetic distant galaxies without extinction at higher surface
brightnesses is a selection effect of the HST data. The majority of the WFPC2 images is
pointed at the optical disks of the galaxies, leaving little solid angle at lower radii, and hence
high surface brightness. In addition, crowding effects limit useful solid angle at higher surface
brightnesses. The limit of the 2MASS photometry is also quickly reached at low surface
brightnesses, the zeropoints are around 20,5 for both H, K and 21 for J. As a result, the
statistics are sufficient for an opacity measurement between approximately 18 to 21 mag
arcsec−2 in H and K and 19 and 21 for J.

The surface brightness values were derived from the public 2MASS images, as they are
relatively uniform and the near infrared emission tracks the stellar component of the disk
better than other bands. There are two main concerns in using the 2MASS public images to
compute surface brightnesses. First, whether or not the photometry of them can be compared
over a series of images and how accurate a surface brightness measurement from a single
pixel in these images is. Secondly, significant flux might be contributed by the detected field
galaxies themselves as a distant galaxy identified in the WFPC2 field is about a pixel in size
in the 2MASS field. If this is the case, the surface brightness measurements of the science
field galaxies should be generally higher than for galaxies in the synthetic fields, where there
is no actual distant background galaxy to contribute to the 2MASS flux. The first concern
can be addressed by simply comparing over large surface brightness bins and only similar
measurements, i.e., the surface brightness measurements for the synthetic fields have the
same photometric uncertainty as the science field ones. The effect of the second concern
should be evident from the relative distribution of the number of galaxies from the science
and synthetic fields as a function of surface brightness. If there is a systematic offset between
these two groups, the distant galaxies in the science fields did contribute to the flux. Such
an offset of the science field objects to the brighter surface brightnesses should be evident
in the histograms in Figures 5.3, 5.4 and 5.5. None seems to be present. Any such offset
would work counter to the result of higher opacity with brighter disk surface brightness that
was found. As an extra check, Figure 5.6 shows the same as Figure 5.5 but for a smaller bin
size in surface brightness. In Figure 5.6, an offset is not evident as well and the same general
trend can be discerned between surface brightness and opacity.

By setting the bin-size in surface brightness much larger than the expected surface bright-
ness uncertainty, the scatter in the opacity is significantly reduced. For this reason we chose
a bin size of 0.5 mag for Figures 5.3, 5.4 and 5.5. The uncertainty in the number of distant
galaxies depends on the solid angle under consideration. The uncertainties in Figures 5.3,
5.4, 5.5 and 5.6 are based on the total solid angle in the whole of the mosaics with a surface
brightness value in the interval. A reliable observation could be made for surface brightnesses
fainter than approximately 18 mag. arcsec−2 in either H or K and 19 in J.

In all three plots, there is an interval where the opacity is constant with surface brightness
but there is a clear upturn in opacity at the brighter values. As the surface brightness limits the
accuracy of the SFM (Holwerda et al. 2005e), these opacity values are also more uncertain.
However, the result is consistent with studies of inclination effects on disks (Giovanelli et al.
1994; Masters et al. 2003) and with Freeman’s Law (Freeman 1970).

Whether or not the spread in Hubble types (Figure 5.2) has a discernible effect on the
relation between surface brightness and opacity can be found by determining the relations
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Figure 5.3: Top: the number of field galaxies as a function of 2MASS surface brightness:
the distant galaxies from the science field (solid) and the synthetic fields (shaded) without
dimming (A=0). Second from the top: the opacity in I (F814W), in magnitudes, as a function
of H-band surface brightness in 2MASS (Kleinmann et al. 1994) images. The point at 17.5
mag arcsec−2 is not based on sufficient statistics for a good comparison. Third from the top:
the opacity in I as a function of H-band surface brightness, for those regions classified as
‘spiral arm’. Bottom: the opacity in I as a function of H-band surface brightness, for those
regions classified as disk region, not part of a spiral arm.

for the early and late type spirals in our sample. The relations for early and late types do not
appear to be any different in all of the 2MASS bands.
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Figure 5.4: Top: the number of field galaxies as a function of 2MASS surface brightness;
the distant galaxies from the science field (solid) and the synthetic fields (shaded) without
dimming (A=0). Second from the top: the opacity in I (F814W), in magnitudes, as a function
of J-band surface brightness in 2MASS (Kleinmann et al. 1994) images. Third from the top:
the opacity in I as a function of J-band surface brightness, for those regions classified as
‘spiral arm’. Bottom: the opacity in I as a function of J-band surface brightness, for those
regions classified as disk region, not part of a spiral arm.

5.5 Surface brightness and opacity in arm and disk
In Figures 5.3, 5.4 and 5.5, the relation between surface brightness in the H, J, and K bands
and opacity for the arm and disk regions is also shown. In Chapter 3 (Holwerda et al. 2005b),
a relation between the averaged surface brightness and extinction in radial annuli was sus-
pected. In the case of spiral arms this relation could be steeper than in the rest of the disk.
In Figures 5.3, 5.4 and 5.5 the opacities are derived as for arms and disk combined, and
separately for the sections that were classified as arm or as disk-regions, either inter-arm or
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Figure 5.5: Top: the number of field galaxies as a function of 2MASS surface brightness;
the distant galaxies from the science field (solid) and the synthetic fields (shaded) without
dimming (A=0). Second from the top: the opacity in I (F814W), in magnitudes, as a function
of K-band surface brightness in 2MASS (Kleinmann et al. 1994) images. Third from the top:
the opacity in I as a function of K-band surface brightness, for those regions classified as
‘spiral arm’. Bottom: the opacity in I as a function of K-band surface brightness, for those
regions classified as disk region, not part of a spiral arm.

outside-arm. Classifications of the regions are based on the WFPC2 mosaic and are described
in Chapter 2 (Holwerda et al. 2005a). Opacity measurements can be made for regions fainter
than approximately 18 mag. arcsec−2 in either H, J or K, where the brightest disk regions
are inter-arm regions close to the center. Bright regions are also in the middle of spiral arms,
notably in star forming regions.

The relation between opacity and surface brightness shown in Figures 5.3, 5.4 and 5.5
seems to be dominated by the arm regions in these fields. There is a steep relation between
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Figure 5.6: Top panel: the number of field galaxies as a function of 2MASS surface bright-
ness, but at a much smaller sampling scale than Figure 5.5. The distant galaxies from the
science field (solid) and the synthetic fields without dimming (A=0). Bottom: the opacity in
I (F814W) in magnitudes, as a function of K-band surface brightness in 2MASS (Kleinmann
et al. 1994) images.

opacity and surface brightness in the arms, while there is none or a weak one in the disk
regions. Since the measured opacity by the SFM is an average for the given area, the higher
value for brighter arm regions indicate a higher filling factor -or surface density- of molecular
clouds in these regions. The brighter regions in the spiral arms are in the middle of the spiral
arm and near the galaxy’s center. This higher surface density of dust clouds is consistent with
models which interpret spiral arms as local overdensities of molecular clouds and associated
star formation.
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Figure 5.7: The relation between (H-K) color and I-band extinction (bottom). Top panel
shows the number of distant galaxies for each color bin.

5.6 Disk opacity and NIR color
In a similar fashion as the counts of distant galaxies from science and synthetic fields are
grouped using the disk’s surface brightness in 2MASS images, the color of the foreground
disk can be used. As this color is based on a 2MASS pixel for each distant galaxy, the errors
are likely to be substantial and it is possible that the distant galaxy in the science field itself
can influence this color more than the surface brightness.

To compensate for the added uncertainty, the sampling of color is taken to be 1.0 mag-
nitude. In Figures 5.7 and 5.8, the opacity in I as a function of the disk’s H-K and J-K colors
are plotted respectively. From these figures we conclude that there is very little or no relation
between the reddening of the disk in the near-infrared bands and the average opacity of the
disk in I.

The motivation for this comparison is the common use of near-infrared color as an indic-
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Figure 5.8: The relation between (J-K) color and I-band extinction (bottom). Top anel shows
the number of distant galaxies for each color bin.

ator of stellar mass-to-light ratio. A lack of a strong trend with opacity would warrant this
use. Since the comparison in Figures 5.7 and 5.8 is limited to a small range in color, the only
conclusion is a lack of a strong relation.

5.7 Dust and light scalelengths

A subject of interest is the extent of dust in spiral disks. In Chapter 3 (Holwerda et al. 2005b),
we presented radial profiles of individual WFPC2 fields as well as averages over Hubble type
and arm/disk regions. A common indicator of disk scale is the exponential scalelength of
the radial light profile. Macri et al. (2000, 2005) present photometry and exponential disk
fits on the Distance Scale Key Project spiral galaxies in order to provide a calibration for the
Tully-Fisher relation. They present photometric diameters, scalelengths and central surface
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Figure 5.9: The scalelengths of extinction and light in the I band for those galaxies in both
our sample that of Macri et al. (2000). Most of scalelengths of the dust are much larger than
those of the light, contrary to earlier results but a few are negative.

brightnesses in B,V,R and I for a large subset of our sample.
A simple exponential disk was fitted to the radial extinction measurements of individual

fields presented in Table 3.3 of Chapter 3 (Holwerda et al. 2005b). These values are poorly
determined as the small field-of-view of the WFPC2 results only in a few opacity measure-
ments per galaxy. Some of the extinction profiles rise, rather than decline. This is the result
of the presence of spiral arms in the relevant WFPC2 images.

Figure 5.9 compares the scalelengths for the light and extinction in I for individual galax-
ies. The scalelengths and the R25 (de Vaucouleurs et al. 1991) are also listed in Table 5.1.
These scale-lenghts of the opacity are an order of magnitude larger than the scale-lengths of
the stellar light. This is a direct result of the very gradual decline with radius seen in Chapter
3 (Holwerda et al. 2005b).
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Table 5.1: The scalelengths of the galaxies from the Hubble Distance Scale Key Project.
Stellar scalelengths from Macri et al. (2005) and dust scalelengths from fitted to Table 3.3 in
Chapter 3 (Holwerda et al. 2005b).

Galaxy Rtyp(light) err Rtyp(dust) err R25

arcmin. arcmin. arcmin.
NGC 925 0.588 0.042 · · · · · · 10.47
NGC 1365 0.499 0.012 · · · · · · 11.22
NGC 1425 0.292 0.002 10 17 5.75
NGC 2541 0.341 0.023 9 5 6.31
NGC 2841 0.358 0.006 -12 · · · 8.13
NGC 3198 0.290 0.015 3.5 · · · 8.51
NGC 3319 0.323 0.046 6.5 2.0 6.17
NGC 3351 0.391 0.033 -14.1 4.0 7.41
NGC 3621 0.410 0.029 · · · · · · 12.3
NGC 3627 0.450 0.011 · · · · · · 9.12
NGC 4414 0.258 0.032 6 17 3.63
NGC 4535 0.360 0.014 8.4 2.0 6.17
NGC 4536 0.305 0.007 · · · · · · 7.59
NGC 4548 0.240 0.010 9.1 4.8 5.37
NGC 4639 0.150 0.009 1.1 0.4 2.75
NGC 4725 0.562 0.008 9.8 · · · 10.72
NGC 7331 0.509 0.006 15 · · · 10.47

This would be in contradiction to results from edge-on galaxies on dust scalelengths
which put it at 1.4 times the scale-length of the stars (Xilouris et al. 1999; Radovich et al.
2001) but not inconsistent with sub-mm observations which put the scale of the dust disk
somewhere between the HI and stellar scales (Alton et al. 1998b; Davies et al. 1999; Tre-
whella et al. 2000).

One explanation for our result could be that the Cepheid distance project pointed the HST
at the arms of these galaxies, biasing the extinction profile. However, it seems likely that a
dark, cold cloud component displays a different relation with radius than that obtained from
previous measurements of dust via emission (warm dust) or stellar reddening (diffuse dust).
In addition, the general assumption that the dust is distributed as an exponential disks might
need to be revisited.

Future work with sub-mm observations or counts of background galaxies should charac-
terize the scale and radial profile of dust disks in spiral galaxies. An improved measure of the
dust scalelength from galaxy counts would require a larger solid angle per individual galaxy.

5.8 Comparison to Cepheid Reddening

Freedman et al. (2001) present reddening values (V-I) based on the photometry of the
Cepheids in the Distance Scale Key Project galaxies. The reddening E(V-I) was conver-
ted to an opacity in I using the Galactic Extinction Law. In Table 5.2 and Figure 5.10 the
average extinction values from number counts for the combined Wide Field chips in each
galaxy and the average extinction derived from the Cepheid reddening are compared. The
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Figure 5.10: The average extinction derived from the number of distant galaxies compared
to the extinction derived from the Cepheid reddening (E(V-I)) from Freedman et al. (2001).
There is no clear linear relation (dashed line). The Cepheid extinctions saturate at higher
opacities as the Distance Scale project selected against high-extinction Cepheids. Note that
cosmic variance in the number of background galaxies can produce a negative opacity value.

comparison is not a straightforward one. The extinction in front of a Cepheid variable is local
and biased against low extinction values. Freedman et al. (2001), however, gave average red-
dening based on all Cepheids in the field. The extinction from the number of distant galaxies
is for the entire height of the disk and an average for all the chips.

In Figure 5.10, the scatter in ACepheid for a given ASFM value can be explained by
variations in the average depths of the Cepheids in the disks; the lack of high A Cepheid values
is probably the result of the detection bias for Cepheids. The opacity from the number of
distant galaxies can probe much higher average extinction, something the Cepheid reddening
selects against.
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Table 5.2: Opacity of the WFPC2 field from Cepheid reddening and Galaxy counts.

Galaxy E(V-I) σ E(V-I) ACepheid ASFM

NGC 925 0.21 0.02 0.8 −0.4+0.3
−0.3

NGC 1365 0.20 0.02 0.8 0.5+0.3
−0.3

NGC 1425 0.16 0.03 0.6 0.5+0.3
−0.3

NGC 2541 0.20 0.02 0.8 0.8+0.3
−0.3

NGC 3198 0.15 0.04 0.6 0.8+0.3
−0.3

NGC 3319 0.13 0.04 0.5 0.9+0.4
−0.4

NGC 3351 0.24 0.04 1.0 1.2+0.5
−0.6

NGC 3621-OFF 0.36 0.04 1.4 1.0+0.3
−0.4

NGC 3627 0.24 0.03 1.0 2.1+0.7
−0.7

NGC 4321 0.22 0.03 0.9 2.3+0.7
−0.8

NGC 4414-2 0.15 0.04 0.6 0.7+0.3
−0.4

NGC 4496A 0.14 0.01 0.6 5.0+0.8
−0.9

NGC 4535 0.19 0.02 0.8 0.7+0.4
−0.4

NGC 4536 0.18 0.02 0.7 0.9+0.4
−0.4

NGC 4548 0.18 0.04 0.7 0.8+0.3
−0.4

NGC 4639 0.12 0.04 0.5 0.8+0.3
−0.3

NGC 4725 0.29 0.03 1.2 0.8+0.3
−0.3

NGC 7331 0.25 0.05 1.0 0.3+0.3
−0.3

5.9 Discussion: Implication for our view of a spiral disk

The primary result presented in this Chapter is the relation between near-infrared surface
brightness and disk opacity. Such a relation is consistent with the observation that brighter
galaxies are also more opaque (e.g. Masters et al. (2003)). It is also consistent with “Free-
man’s Law” (Freeman 1970)): the central surface brightness of the disk is constant, regardless
of the inclination. A direct relation between surface brightness and disk extinction has some
ramifications for photometric measurements of spiral disks. The slope of the light profile of a
spiral disk is underestimated as more light is hidden by dust in the brighter parts. As a result,
the scalelength of the exponential disk is overestimated. This has implications for dynamical
models of spiral disks. If the stellar disk is in fact somewhat more compact than observed,
the stellar mass contribution of this disk is greater in the center. To model rotation curves, it
is common to assume a “maximum disk”: the light profile is converted to a mass distribution
using the maximum conversion factor allowed by the rotation curve. If surface brightness
and extinction are related, as Figures 5.3, 5.4 and 5.5 indicate, then the stellar mass estimate
is underestimated in the center of the disk. The stellar profile, corrected for extinction, would
mitigate the need for dark matter in the center of spiral disks. A stellar mass profile, corrected
for extinction, would reach the point of “maximum disk” at a slightly shorter radius and at
a lower M/L conversion factor. A different M/L ratio for the “maximum disk” would imply
a slope of the Tully-Fisher relation, slightly lower than 3.5, according to Bell and de Jong
(2001).

The second result in this Chapter is the lack of a strong relation between surface bright-
ness and opacity in the sections of the disk outside the spiral arms. This more constant opacity
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value is consistent with the flat radial distribution found in Chapter 3. Future work on single
disks -instead of an average over several- can explore the more extended dust component bet-
ter. The spiral arms do show a strong relation between surface brightness and opacity. This
would be consistent with the view that the arms are overdensities in the disk.

The fact that the relation between surface brightness and opacity is different for arm and
disk regions, implies different dust components. As a result, a single exponential disk may
be an oversimplification of the general dust distribution.

The third result is that no strong relation between NIR color and dust opacity seems to
be present. This is consistent with the results of Bell and de Jong (2001). They find that a
good indicator of the M/L in a spiral disk is its near-infrared color. They also discuss effects
of dust on their models but the effect of dust reddening and dimming is estimated to cancel
out to first order. Bell and de Jong (2001) advise against using their M/L values for anything
but a whole disk, as local extinction is likely to be patchy and more grey in nature. In fact,
Bell and de Jong (2001) already allow for sub-maximum disks as a shift in their zero-point
in the relation between M/L and color. Recent work on rotation curves of spiral disks, such
as Kassin and de Jong (2005), should therefore not be affected by the use of the color for the
M/L indicator.

5.10 Conclusions
The four main conclusions we can draw from the numbers of distant galaxies seen through a
spiral disk, as analysed in this chapter are:

1. The dust opacity of the spiral disks increases with increasing surface brightness of the
disk (Figures 5.3, 5.4 and 5.5).

2. This effect is mainly restricted to the spiral arms. This implies a higher surface density
of clouds in the spiral arms. (Figures 5.3, 5.4 and 5.5).

3. For the disk regions, the opacity is constant with surface brightness (Figures 5.3, 5.4
and 5.5).

4. The dust opacity does not strongly correlate with the near-infrared color of the fore-
ground disk (Figures 5.7 and 5.8).

5. An exponential disk appears to be a poor description of the dust distribution as is evid-
ent from the much larger values compared to the stellar scalelength (Figure 5.9) but
better counts on single galaxies should constrain this more.

6. The average values of the Cepheid reddening and the disk opacity correspond reason-
ably well for the lower extinction values. High disk extinction does not show in the
Cepheid reddening, probably due to selection effects (Figure 5.10).

The Advanced Camera for Surveys on Hubble has imaged many more galaxies and the
presented relation between surface brightness and extinction could be further explored using
these more recent data. Any systematics effects of combining counts from several differ-
ent disks can be avoided altogether in a similar analysis but for a single disk. However, as
González et al. (2003) and Holwerda et al. (2005e) point out, the SFM is limited to the less
crowded parts of the disk and the relation between extinction and surface brightness could
only be extended at the fainter end.
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6
160 µm emission and opacity

6.1 Introduction

In Chapter 4, the assertion has been made that the extended dust disk found by the SFM could
be in part in the form of cold dust clouds. This can be verified by comparing the characteristic
emission from dust to the opacity values found. In chapter 4, the radial profile of sub-mm
emission and the opacity from counts of distant galaxies are compared. This comparison is
limited by the few maps available and the uncertainty in both the SFM measurements and the
dust emissivity (Chapter 4, Holwerda et al. (2005c)). A much better comparison can be made
when several radial emission profiles can be compared to the opacity measurements. This
chapter is a quick first look at such a comparison between extinction and emission.

The Spitzer Space Telescope currently observes to unprecedented resolution in the mid-
and far-infrared wavelengths. The Spitzer Infrared Nearby Galaxy Survey (SINGS) project
is a large collaboration to characterize the nearby galaxies over most of the accessible spec-
trum, from radio to UV. The ultimate goal of SINGS is to characterize the relation between
starformation and the interstellar matter in galaxies as well as providing a good comparison
sample for the study of galaxies at high redshift. The project is described in Kennicutt et al.
(2003a) and the first science results have been published (Regan et al. 2004; Smith et al.
2004). The SINGS project has a substantial overlap with the sample analysed with the Syn-
thetic Field Method (SFM) (Chapter 3). The scan maps remain proprietary for 6 months after
acquisition. Here the combined scan maps -those which are public to date 2- are compared to
the opacities for individual WFPC2 fields presented in Chapter 3.

The radial profile of the 160 µm map is converted to an optical depth according to the
method of Alton et al. (2000b) assuming a single dust temperature, which is a first approx-
imation. An improved estimate of the dust temperature can be found from a fit to the SED to
the far-infrared flux profiles. In a spiral galaxy, a gradient in the dust temperature is expected
as the illumination from stars drops at larger radii.

2Obtained in February 2005.
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Since the SFM measurements in individual fields are rather uncertain, only a persistent
trend between far-infrared flux and opacity would point to a colder dust component respons-
ible for the opacity.

6.2 MIPS scan maps and reduction

The Spitzer data was retrieved using Leopard which is maintained by the Spitzer Science
Group. At the time of retrieval (February 2005), MIPS scan-maps of nine galaxies in our
sample were publicly available from the Spitzer Archive. For each object, two scan maps are
available from separate scan passes of the Spitzer. These separate maps suffer from systemat-
ics (e.g. scan artifacts, hot pixels) which can be mitigated somewhat by combining them. The
maps are combined as follows: the second map is shifted and rotated on the basis of the point-
ing information.3 The bad pixels in each are flagged and the remaining pixel-values averaged.
The remaining areas where no flux is available, a linear interpolation is applied. These areas
are mostly the saturated centers of the galaxies. Some systematics in the background remain
in the direction of the scan but overall the resulting fields are much cleaner. Subsequently,
the elliptical isophote fits are done with stsdas.anallysis.isophote.ellipse (Jedrzejewski 1987)
under pyraf/IRAF. The center of the galaxy is kept fixed on the position used for the radial
segmentation of the images in the analysis of Chapter 3 (Holwerda et al. 2005b).

Figure 6.1: The SED of M82 as observed with ISO, smoothed to SIRTF resolution. The
IRAC and MIPS bandpasses are superimposed. The MIPS filters are thick line. (The original
figure is Figure 1 from Kennicutt et al. (2003a)). The 160 µm MIPS band is most indicative
of the dust grain flux in the Rayleigh-Jeans part of the grain emission.

3An improved estimate of the rotation and shift can probably be obtained by cross-correlating the scan maps but
the combined maps are sufficient for our purposes.
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6.3 Converting MIPS flux to optical depth
To convert the radial profile from the combined MIPS scan map, the formalism of Alton
et al. (2000b) is used. The first and foremost assumption is that there is only one thermal
component responsible for the emission in the 160 µm band. To parameterize the flux density,
we can use:

F (λ) =
Nσ

D2
Q(λ) B(λ, T ) (6.1)

where N is the number density of dust grains, Q their emissivity, σ their cross-section, D the
distance aand B(λ, T ) the Planck function. The optical depth is defined as:

τV = N σ Q(V ) (6.2)

To convert the flux density to a surface brightness, the pixelvalues of the MIPS profile were
converted to MJy sr−1 using the FLUXCONV fits header parameter, 42 in the case of the
160 µm band. The surface brightness was divided by the pixelarea in m 2 and to go from
MJy sr−1 to W m−2λ−1, we use the conversion factor in the MIPS handbook (SSC (2004))
from MJy sr−1 to mJy arcsec−2, multiply by 10−23 to convert from mJy to Wm2λ−1.
Combining all this resulted in:

fλ × FLUXCONV × 23.5045× 10−23

1.89 × 10−06D2
=

Nσ

D2
Q(λ)B(λ, T ) (6.3)

Substituting N with τV

σQ(V ) and eliminating D and σ:

τV

fλ
=

Q(V )
Q(λ)

5.34 × 10−15

B(λ, T )
(6.4)

The ratio between emissivities is parameterized in Domingue et al. (1999b) as:

Q(V )
Q(λ)

=
3

1300

(
λ

125

)β

(6.5)

Regan et al. (2004) find from MIPS and SCUBA fluxes of NGC 7331 the following temper-
ature and emissivity slope: T = 24, β = 1.7 but Meijerink et al. (2005) find a temperature
gradient with considerable lower values in M51. The conversion depends strongly on the
assumed dust temperature and we used several different values for the temperature to convert
the 160 µm profile into an optical depth, a value for β of 1.7 and equation 6.4.

6.4 Dust emission and extinction
Figures 6.2 through 6.9 show the opacity measurements for each of the galaxies and the
extinction measurements from the number of distant galaxies in radial intervals of either 0.25
R25 in the case of M51 and NGC 3621 or 0.5 R25 in the other plots. M51 and NGC 3621 have
two WFPC2 fields associated with them in which distant galaxies could be counted, allowing
for the smaller radial bin sizes. Individual measurements of opacity from the counts of distant
galaxies suffer from poor statistics and hence we use a larger radial bin size. However, all
these plots combined should give an impression of the general relation between opacity and
the 160 µm flux.
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The flux was converted using a single dust temperature of 15, 17.5, 20, 22.5 and 25 Kelvin
in all cases. An improved comparison would include a fit of the spectral energy distribution of
profiles at several wavelengths, preferably including sub-mm, and to allow for a temperature
gradient or two separate temperature components. The sole purpose here is to see whether a
comparison of dust emission and extinction point towards a cold dust disk or not. The profile
closest to the opacity values, points to the predominant temperature of the dust responsible
for the extinction.

6.4.1 Single WFPC2 fields

For most galaxies, only one WFPC2 field was analysed with the SFM. The uncertainties are
still very large despite the larger radial bins (Figures 6.2, 6.3, 6.4, 6.5, 6.6, 6.7).

Figure 6.2: Left: The radial surface brightness profile of the 160 µm band of NGC 2841
(solid line) and the uncertainty (dashed lines). The opacities from distant galaxy counts are
given as solid triangles with the associated uncertainties. The left vertical axis shows the
flux units as scaled for the top profile (T = 15 K, the thick line with dashed lines for the
uncertainties). The opacity profiles converted using a temperature of 15, 17.5, 20, 22.5 and
25 K are plotted (lines from top to bottom). The right vertical axis shows the opacity scale
in magnitude. The radius is expressed in kiloparsec (bottom axis) or the deVaucouleur radius
R25 from de Vaucouleurs et al. (1991) (top axis).
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NGC 2841

The radial profile of the MIPS does not extend for the entire range. The top profile (T = 15
K.) does seem to agree best with the SFM measurements (Figure 6.2). See for the basic data
and a color mosaic of the WFPC2 Appendix A.9. In the future detailed analysis of the SINGS
team of this galaxy, it should be interesting to see if the spiral structure of strong absorption
in K’ band found by Block et al. (1996) is corroborated.

Figure 6.3: Right: The radial profile of the 160 µm band of NGC 3198. Lines and points as
in Figure 6.2.

NGC 3198

Another good example, even with only one WFPC2 field, that a single temperature compon-
ent fit to the MIPS data requires a low temperature to match the SFM opacity points (Figure
6.3). Basic data on NGC 3198 is in Appendix A.11.

NGC 3627

Saturated pixels left a few structures in this map, making an elliptical fit troublesome. The
profile and the SFM opacities do agree, provided the MIPS flux is converted using a temper-
ature between 15 and 17.5 K. (Figure 6.4). See also Appendix A.16.
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Figure 6.4: The radial profile of the 160 µm band of NGC 3627. Lines and points as in
Figure 6.2.

NGC 4725

This galaxy makes a very poor comparison between MIPS flux and SFM points. The MIPS
image shows strong separate structures associated with the spiral arms with which ellipse has
too much trouble for a fit (Figure 6.5). See also Appendix A.28.

NGC 6946

NGC 6946 is at very low galactic latitude with the largest correction for Galactic extinction.
However, it is nearby and face-on. It is known as a galaxy rich in molecular gas from CO
observations, as well as current star formation. In this case the SFM opacities agree well with
the slightly higher temperature of 17.5 K. (Figure 6.6). Basic data and the WFPC2 mosaic is
presented in Appendix A.31.

NGC 7331

Regan et al. (2004) present obervations with the MIPS and SCUBA instrument of NGC 7331.
Their fit to the dust emission resulted in a dust temperature of 24 K. In the SFM analysis it
stood out a a possible field with an overdensity of distant galaxies behind it. Ignoring this
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Figure 6.5: The radial profile of the 160 µm band of NGC 4725. Lines and points as in
Figure 6.2.

suspicion, the agreement for MIPS 160 profile and the SFM opacity measurements happens
at the same temperature found by Regan et al. (2004) (Figure 6.7).

NGC 7331 is therefore an exception either way. Either it does not have the cold dust
component we suspect in the other galaxies or the SFM measurement is biased due to an
overdensity of distant galaxies behind it. (See for basic data also Appendix A.32.) Since it is
a Milky Way analog, it would be interesting to see if it does have a dust temperature gradient.
If so, the value of 24 K from Regan et al. (2004) is the average for the whole disk which
likely has a cold (T = 15-20 K.) and a warmer (T= 20-40 K.) component.

6.4.2 Two WFPC2 fields

In the sample presented in Chapter 3 (Holwerda et al. 2005b), there are three galaxies for
which two WFPC2 fields are analysed. When the counts from these are combined, the un-
certainties in the opacity measurements are lower then for single WFPC2 fields. For two of
these galaxies, M51 and NGC 3621, MIPS 160 µm maps are available.
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Figure 6.6: The radial profile of the 160 µm band of NGC 6946. Lines and points as in
Figure 6.2.

M51

M51 is extremely suitable for SFM analysis as it is practically face-on. Meijerink et al. (2005)
presented a SCUBA profile and found a temperature gradient based on the sub-mm flux (See
also Figure 4.4). This profile, converted to an optical depth, matched opacity measurements
from the counts of galaxies (see chapter 4).

Figure 6.8 shows the MIPS 160 µm profile, converted to optical depth using several
constant dust temperatures. The 15 and 17.5 K conversions appear to agree the best with the
SFM points. The fact that the 15 K line agrees with the outer two points and the 17.5 with
the innermost is in agreement with the temperature gradient of Meijerink et al. (2005).

NGC 3621

NGC 3621 is not as ideal as M51 as it is more inclined. Figure 6.9 shows the MIPS profiles
for NGC 3621 and the opacity measurements from two WFPC2 fields. The innermost point
is too uncertain to be of use. The two fields differ more in the derived opacity but all agree
better with a colder dust component for NGC 3621. The ACS on Hubble is slated to image
all of NGC 3621 in the near future. Using counts from this data, a better comparison might
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Figure 6.7: The radial profile of the 160 µm band of NGC 7331. Lines and points as in
Figure 6.2.

be made for this galaxy.

6.5 Discussion

The purpose of this Chapter was to do a first comparison between dust emission in the far
infrared and the opacities from counts of distant galaxies. The far infrared profiles only match
up when a single low dust temperature is used. This implies that a substantial fraction of the
dust responsible for the opacity of the disk is cold. Several sub-mm observations have found
evidence for cold dust in disks as well (Nelson et al. 1998; Alton et al. 1998a; Siebenmorgen
et al. 1999; Trewhella et al. 2000; Stevens et al. 2005). The dust responsible for the opacity
of spiral disks resides probably in cold dark clouds.

Many improvements can be made to this chapter’s first rough approach. The assumption
of a single temperature can be substituted by one found from the spectral energy distribution
of the far-infrared fluxes. This model can allow for a gradient of temperature with radius. A
clear discrepancy with opacity measurements from galaxy counts is then unambiguous evid-
ence of an extra cold component. This observation which can be verified with new sub-mm
observations. Unfortunately, the current SFM sample has predominantly not been imaged at
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Figure 6.8: The radial profile of the 160 µm band of M51. Lines as in Figure 6.2, solid
symbols are from individual fields and the open triangles are from the combined counts with
associated errorbars.

these sub-mm wavelengths. However, a substantial effort to improve observational capability
in the sub-mm is currently under way. With sub-mm maps, the contributions of both the cold
and the warm dust components to the fluxes can be constrained. The opacity from galaxy
counts would then be an independent verification of dust content.

The emission of dust grains at especially the sub-mm wavelengths is still not very con-
strained (e.g. (Dasyra et al. 2005)). It depends on the grain composition and temperature.
The parameter β in equation 6.5 remains an almost free parameter in fits to disk emission.
Since it appears to be different for diffuse dust and dust in dense cores, the filling factor of the
dark clouds becomes a factor when constraining the spectral energy distribution of the dust
in a disk. In such a context, an extinction measurement using a completely different method
would be extremely helpful. The opacity measurements using counts of galaxies can also be
improved substantially. The uncertainties can be reduced significantly, even for individual
disks, when the method is applied to a larger solid angle. This improves statistics but also
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Figure 6.9: The radial profile of the 160 µm band of NGC 3621. Lines as in Figure 6.2, solid
symbols are from individual fields and the open triangles are from the combined counts with
associated errorbars.

reduces the uncertainty from cosmic variance.
A new comparison between opacity from counts and dust emission should therefore be

done for fewer disks. For these more HST data should be available, together with both FIR
and sub-mm maps to characterize dust emission. The ACS campaigns on M51 and M101
would be suitable for this, provided sub-mm observations of M101 are possible.

6.6 Concluding Remarks

The following remarks can be made on this simple comparison between dust infrared emis-
sion and extinction:

1. A single temperature component of a dust disk needs a very low temperature to agree
with the SFM opacities (Figures 6.2 trough 6.9).
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2. NGC 7331 is the only exception. There is agreement with the Regan et al. (2004)
result of T = 24 K. or there may be an over-density of distant galaxies in the SFM
measurement (Figure 6.7).

3. A more realistic approach would include an improved dust temperature estimate from
the spectral energy distribution.

4. Such an estimate would probably have to include a dust temperature gradient with
radius,

5. The emissivity of dust grains is poorly determined at these low temperatures. Future
counts of distant galaxies and FIR/sub-mm observations could help constrain it.

I would like to thank G. Bendo and R. Kennicutt for useful discussions on the use of the
SINGS data for this project.
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Abstract

The “Synthetic Field Method” (SFM) was introduced by González et al. (1998) to calibrate
numbers of distant galaxies as a probe of extinction in a foreground spiral disk. González
et al. (2003) studied the effect of the foreground disk on these numbers using simulations
of current and future instruments for fields in the LMC, M31 and NGC 4536, a galaxy in
Virgo. They concluded that: (1) the brighter centers of disks were unsuitable, (2) the granu-
larity of the disk at a fixed surface brightness is the limiting factor in the detection of distant
galaxies, and (3) the optimum distance for measurements would be that of the Virgo cluster
for the current instruments on board HST. At this distance the foreground disk is smoothed
with distance, improving detection of distant background galaxies. Holwerda et al. (2005a)
automated the SFM and Holwerda et al. (2005b) applied it to a large set of WFPC2 fields.
In this Chapter, the quality of the extinction measurement in these fields is compared to their
distance, granularity, surface brightness and structure. The average surface brightness of a
field is shown to directly influence the accuracy of the SFM. This restricts meaningful meas-
urements to the disks of spiral galaxies. Large structures such as spiral arms have a similar
effect. The granularity or small scale structure in a field influences the detection of distant
galaxies, limiting the SFM measurements in nearby disks. From the trends in the accuracy
and maximum practical field-of-view considerations, the minimum and maximum distance
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for SFM application, approximately 5 and 35 Mpc respectively. Using the same instrument
and detection method, the relations with SFM parameters and field characteristics can be used
to forgo the synthetic fields altogether. For the wealth of ACS fields becoming available in the
archive, these relations can be used to select those fields based on expected SFM accuracy.

7.1 Introduction

The number of field galaxies seen through a nearby foreground galaxy has for a long time
been recognized as a possible probe into the dust extinction in the foreground object, much in
the way star counts are used in our own Galaxy. Hubble (1934) noted a drop of field galaxies
at lower Galactic latitude, a fact that was later used by Burstein and Heiles (1982) to map the
Galactic extinction based on counts from Shane and Wirtanen (1967).

As number counts are limited by statistics, a measurement over the largest practical solid
angle is needed. This prompted several studies of the LMC and SMC (Shapley (1951),
Wesselink (1961b), Hodge (1974), MacGillivray (1975), Gurwell and Hodge (1990) and
Dutra et al. (2001)), the majority on photographic plates. The dust effects in other galax-
ies were characterized by Zaritsky (1994), Lequeux et al. (1995) and Cuillandre et al. (2001).

However, the detection of field galaxies is not only affected by the absorption in the fore-
ground disk. The crowding and confusion of the foreground disk also play a role. The results
of the previous studies suffered from the inability to distinguish real opacity from foreground
confusion as the reason for the decrease in field galaxy numbers. Therefore, González et al.
(1998) introduced the “Synthetic Field Method” (SFM) to calibrate the number of distant
galaxies for crowding and confusion resulting from the foreground disk and applied it to
two galaxies. González et al. (2003, 2004) explored the limitations of this method imposed
by the characteristics of the foreground disk: surface brightness, granularity and large-scale
structure.

In recent papers in this series (Holwerda et al. (2005a,b), Chapters 2 and 3). we have
automated the SFM and analysed a large set of fields of spiral galaxies. In this Chapter we
study the limitations of the SFM using this dataset, as it spans a range in foreground disk
characteristics.

The organisation of this Chapter is as follows: in section 7.2 the SFM is briefly described,
section 7.3 describes the predictions of González et al. (2003) relevant to this Chapter and
section 7.4 describes the data from Holwerda et al. (2005b). In section 7.5 we discuss the
dependence of the SFM on surface brightness, in section 7.6.1 the effects of distance, gran-
ularity and structure in the foreground disk. Section 7.7 discusses the optimum distance for
WFPC2 imaging. In section 7.8 the conclusions are listed and in section 7.9 the possibilities
for future work are reviewed.

7.2 The “Synthetic Field Method”

The synthetic field method calibrates the number of distant galaxies found in the science field
with a series of synthetic fields. These are the original science field with a Hubble Deep
Field (North or South) added, dimmed to simulate dust extinction. Therefore crowding and
confusion effects are the same for science and synthetic fields.

Each set of synthetic fields is characterized by the applied dimming and the average num-
ber of synthetic galaxies retrieved at this dimming. We fit the following relation to the dim-
ming (A) of each set and average number of galaxies (N) retrieved from the sets:
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A = −2.5 C log

(
N

N0

)
(7.1)

Here C is the slope of the relation and N0 the normalization (Figure 7.1). The normalization
is the number of distant galaxies in the case of no dimming at all and it is predominantly
related to the solid angle over which the measurement is made. In the ideal case, the slope is
unity (C = 1) and the distant galaxy number (which can be thought of as a flux) is only lost
to dimming by dust. However, other factors, such as the surface brightness and the crowding
of the foreground field, influence the detection of distant galaxies. It is for this reason that
for each unique science field, separate synthetic fields are made. By replacing N with the
number of galaxies from the science field in equation 7.1 we obtain the average extinction in
the field due to the foreground disk. Uncertainties arise from Poisson statistics and the natural
clustering of field galaxies. The latter uncertainty, due to cosmic variance in the number of
distant galaxies in the science field, can be calibrated, as this behaviour is described by the
2-p correlation function. For a more detailed discussion, see Holwerda et al. (2005a).

The effects of adding foreground objects are twofold: first, the number of field galaxies
that can be detected in the field (N0) drops. And secondly, the relation between synthetic
galaxies and dimming (equation 7.1) becomes shallower (C > 1), as only brighter galaxies
distinguish themselves from foreground objects. Both these effects result in a more inaccurate
determination of the average opacity (Figure 1). The normalisation 2 (N0) and the slope (C)
of equation 7.1, together with the limiting magnitude of the distant galaxies found in the A=0
simulations, are our diagnostics for how well a field is suited for the SFM.

7.3 Predicted limitations using Hubble
The detection of distant field galaxies through a foreground disk depends on three parameters:
(1) the surface brightness of that disk, (2) its granularity, and (3) its structure (e.g. spiral
arms). González et al. (2003) measured the effects of the foreground disk and instrument
resolution on the observable numbers of field galaxies.

They divided each field into sections of 1002 pixels. For each section the mean and
standard deviation of the pixel-values were determined. The average of these mean values
is the indicator of surface brightness of the field, the average of these standard deviations
is the measure for granularity in the field and the FWHM of the distribution of mean pixel-
values, the indicator of large structure. Data and simulations were analysed for the LMC,
M31 and NGC 4536, probing different disk parameters, distances, and instrument resolution.
González et al. (2003) parameterised the dependence of distant galaxy detection on distance
and resolution as follows:

S/N =
Lfbg√

L2nf2∗
d2 + n2f∗d2

(7.2)

where fbg and f∗ are the flux from the distant galaxy and a typical disk star respectively, n the
number of stars per pixel, d the distance of the foreground disk and L the pixel size of various

2The actual field behind a foreground disk is uncertain due to the clustering of distant field galaxies. However,
N0 is determined from the average of HDF-N/S, a known background which reasonably approximates the average
count of galaxies in the sky. Any variations of N0 are therefore the result of addition of the synthetic background to
a foreground field.
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Figure 7.1: The relation between opacity (A) and the ratio of distant field galaxy numbers
from the simulations and science field. The slope of the relation between simulated galaxies
and dimming is given by A = −2.5 C log(N/N0) . Higher values of C are caused by surface
brightness and crowding effects in the field. The uncertainties in the opacity A increase with
C.

instruments. Whereas González et al. (2003) were interested in varying L at three fixed
distances, we will explore the effects of varying d and n (granularity and surface brightness)
at fixed L.

González et al. (2003) concluded that spiral galaxies at the distance of the Virgo cluster
would make much better candidates for the application of the SFM than local group galaxies,
and that improvements in resolution would benefit nearby foreground galaxies the most.

7.4 Comparison data and systematics
Holwerda et al. (2005b) analysed a sample of 32 WFPC2 fields and presented radial opacity
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plots for both individual galaxies, as well as for the entire sample combined. In addition,
the SFM opacity can be measured for each WFPC2 field as a whole3 to characterize the
effects of distance of the foreground disk. Surface brightness, granularity and structure are
characterized in the same way as González et al. (2003).

González et al. (1998) found that any exposure time above 2000 seconds did not limit the
SFM measurement. González et al. (2003) concluded that the granularity was the predomin-
ant limiting factor.

In order to check the effect of the exposure time on the granularity, the pixel-to-pixel
variation for the drizzle-weight image of all the fields was compared. We found no correl-
ation with exposure time and the fields are treated as uniform in noise characteristics in the
following.

To detect differences in detection as a function of resolution, the same field needs to
be analysed with the SFM at different resolutions. Holwerda et al. (2005a) compared the
numbers of distant galaxies in undrizzled WF data from González et al. (1998) (1 pixel = 0”.1)
with those from their drizzled data (1 pixel = 0”.05) of NGC 4536. The difference in synthetic
galaxy numbers can be attributed to a difference between the manual and automated detection
methods. As González et al. (2003) predicted, the galaxy statistics were not improved at
this distance by smaller pixels. However, as it does facilitate classification, our fields were
sampled to the 0”.05 scale.

7.5 The effects of surface brightness

González et al. (2003) briefly illustrated the effect of surface brightness on the SFM’s accur-
acy in their figure 7, with a radial sequence for a simulation of M31. Holwerda et al. (2005b)
presented average radial opacities based on the counts in radial bins, scaled with the R 25 (de
Vaucouleurs et al. 1991), combined over all fields.

First, the effects of the surface brightness averaged over the entire sample of Holwerda
et al. (2005b) are shown per radial annulus. Figure 7.2 shows the relation between average
surface brightness of the radial annuli versus the limiting magnitude (M lim) of background
galaxy detection, and the slope (C) and normalization (N 0) in equation 7.1. A brighter fore-
ground field is expected to limit the magnitude at which distant galaxies can be identified,
thus limiting the number available for the SFM. If the effect of surface brightness dominates
the loss of background galaxies, the extinction becomes a secondary effect, flattening the
slope in equation 7.1.

From Figure 7.2, it is evident that indeed the surface brightness influences the limiting
magnitude and hence the accuracy of the SFM 4. Its effect on the normalization (N0) of
equation 7.1 is visible. A tight relation between average surface brightness and the slope (C)
is especially evident.

From the relation between C and surface brightness, it is immediately clear that the inner,
brighter regions of spiral disks will not ever yield useful opacity measurements. With the
effect of surface brightness on C and N0 characterized, it is possible to measure opacity
without any synthetic fields and derive it directly from the number of field galaxies and the

3The Planetary Camera part of the WFPC2 array is not used in the SFM analysis. It has different noise charac-
teristics, smaller FOV and fewer reference fields.

4The limiting magnitude is estimated in increments of 0.25 mag, hence the discrete values in Figures 2, 3 and 4.
In the brightest regions, the limiting magnitude estimate becomes uncertain due to the poor statistics.
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Figure 7.2: The relation between surface brightness in I (F814W) and the C and N 0 (in
galaxies per square arcmin) parameters from equation 7.1 and the limiting magnitude of the
detected synthetic field galaxies with no dimming applied. Limiting magnitude estimates for
the higher surface brightnesses become increasingly hindered by poor statistics. (The spread
in N0 at lower surface brightnesses is from lack of solid angle at those radii, a selection effect
in the sample of WFPC2 pointings used.)

average surface brightness of the science field. However, the detection method and data-type
(WFPC2 field) should be kept the same if one is to forgo the synthetic fields completely.

7.6 The effects on individual WFPC2 fields

In the previous section, the effects of average surface brightness in the radial annuli of the
combined fields (Holwerda et al. 2005b) were discussed. To determine the effects of distance
and granularity, surface brightness and structure in the individual fields, the opacity for the
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entire WFPC2 for each foreground galaxy was estimated from equation 7.1 5.

Figure 7.3: The dependence of limiting magnitude (M lim), normalisation (N0, in galaxies
per square arcmin) and slope (C) on distance of the foreground disk. Solid angle effects are
taken out as each of these points is from one set of three WF chips in a WFPC2 mosaic. The
dashed lines are linear fits to the points shown.

7.6.1 Distance

The effect of distance of the foreground galaxy on the SFM parameters (C, N 0, Mlim) is
plotted in Figure 7.3. Only the normalization (N0) shows some dependence on distance. As
all these points are for the combined WFPC2 array, the solid angle is the same for each point.
The rise of N0 with distance is consistent with the prediction of González et al. (2003). The

5In Figures 7.3 through 7.6, triangles are measurements of individual WFPC2 fields as opposed to figure 7.2 in
which the squares represent measurements for the combined radial annuli.



128 CHAPTER 7: THE ACCURACY OF GALAXY COUNTS AS AN EXTINCTION PROBE

granularity of the foreground disk is expected to drop with distance as the foreground disk is
smoothed with distance. This allows more background galaxies to be detected in a field. The
slope C is practically constant with distance.

To check that granularity is the cause for this trend with distance, we plot the relations
between structure, surface brightness and granularity with distance in Figure 7.4. Surface
brightness is not expected to change with distance, therefore this serves as a check against a
systematic selection effect in our fields which could influence the granularity result.

The granularity (i.e. σ) does seem to drop accordingly with distance. Surface brightness
and structure (FWHM) do indeed not change much with distance.

Figure 7.4: The dependence of structure, granularity and surface brightness of the WFPC2
fields on distance of the foreground disk. The top panel shows the FWHM of the distribution
of mean values of the 1002 sections, the middle panel shows the surface brightness derived
from the average of that distribution. The lower panel shows the granularity, the mean of the
distribution of the standard deviation of pixel-to-pixel variations in each section.
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Figure 7.5: The dependence of limiting magnitude (M lim), normalisation (N0, in galaxies
per square arcmin) and slope (C) on granularity of the foreground disk. Granularity is char-
acterized by the mean σ as a percentage of the mean pixel value of the 100 2 pixel sections.
Only N0 seems to decline with granularity. The dashed line is a linear fit to the points.

7.6.2 Granularity

Figure 7.5 shows the direct effect of granularity on the SFM parameters (C, N 0, Mlim). The
effect of distance on N0 seen in Figure 7.3 seems due to the granularity effect of smoothing
the foreground disk with distance. While a trend for N 0 with distance and granularity can
be distinguished, it does not seem tight enough to forgo a synthetic field to characterize N 0

altogether. However, as it is a quick diagnostic, candidate fields can be ranked in order
of expected SFM accuracy based on this relation. The relation between normalization N 0

and distance (Figure 7.3) is expected to level out at the number of distant galaxies which are
relatively easily identified in the Hubble Deep Fields, about 30 galaxies per square arcminute.
Accordingly, at small granularity (σ), the relation between N 0 and granularity (Figure 7.5),
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reaches that same number.

A WFPC2 field of a disk beyond 15 Mpc has a factor 2-3 more identifiable distant galaxies
in the A=0 reference field than one of a closer disk (d < 10 Mpc, see Figure 7.3). There-
fore, the strategy of Holwerda et al. (2005b) to combine numbers from fields at intermediate
distances maximizes the detection of distant galaxies and hence the accuracy of the method.
Increasing solid angle on a single nearby foreground disk has less efficiency than adding solid
angle to these disks at intermediate distance.

Figure 7.6: The dependence of limiting magnitude (M lim), normalisation (N0, in galaxies
per square arcmin) and slope (C) on structure in the foreground disk. Strucure is charac-
terized by the FWHM of the distribution of mean pixelvalues of the 100 2 pixel sections.
Expressed as a percentage of the mean of that distribution.



DISCUSSION: OPTIMUM DISTANCE FOR THE SFM 131

7.6.3 Effects of structure and surface brightness

Structure in a field can be of importance for the application of the SFM. A spiral arm raises the
surface brightness and adds to the crowding and confusion. In Figure 7.6 the relation between
the structure (FWHM of the distribution of the mean pixel values of the image sections) and
the SFM parameters is shown. Structure shows little effect on the SFM parameters, except
for an effect on C similar to that of surface brightness. The average surface brightness of
the WFPC2 field has little effect on the SFM parameters as most of the flux can be from
one section of the field while the SFM measurement is done in another. A spread of surface
brightness values over a field will introduce a spread in the relation with C in Figure 7.2.

7.7 Discussion: Optimum Distance for the SFM

The optimum distance range for the SFM applied on HST imaging (WFPC2 and ACS) is
limited by two factors, the solid angle covered by (part of) the foreground disk for which
an opacity measurement needs to be made and the granularity of the foreground disk. The
granularity imposes a minimum distance, the solid angle a maximum. The solid angle does
not only depend on the distance but also on the intrinsic size of the foreground galaxy. In
addition to that, not all of the disk is suitable for SFM opacity measurements. We consider
M101 as a template face-on spiral galaxy (R25 = 28.1 kpc., D = 6.7 Mpc) with the inner
25% of that radius unsuitable for SFM measurements due to high surface brightness.

The maximum distance to which the SFM can be used, is determined by the minimal
statistics -and hence solid angle- for which an opacity measurement can still be performed.
To illustrate this, we assume that the minimal measurement is one magnitude of opacity,
measured over the entire disk with an accuracy of ±0.75 mag.

An estimate of the error in the opacity measurement needs an expression for the un-
certainties in the number of galaxies. One can approximate the uncertainty from meas-
urement and cosmic variance in the number of surviving galaxies in the science field as
∆N =

√
2N . This is an overly simplistic but useful analytic approach to the clustering

uncertainty. The uncertainty in the numbers of synthetic field galaxies is a simple Poisson
uncertainty: ∆N0 =

√
N0. Thus, we get the following expression for the uncertainty in

opacity A:

∆A = 2.5 C

√
2
N

+
1

N0
(7.3)

Typical SFM parameters for a disk are C = 1.2, N0 = 25 gal arcmin−2, Mlim ≈ 23 mag.
(Figure 7.3). An opacity of 1 magnitude would result in N science = 11.6 field galaxies per
square arcminute (equation 7.1). To fulfil the requirement of ∆A = 0.75, we need the disk
to cover 3.39 square arcminutes for a meaningful measurement. If we assume that the inner
25 % of the disk is too bright for use, the maximum distance becomes approximately 70 Mpc
for a disk the size of M101.

However, M101 is a large galaxy and most galaxies are not that neatly face-on. The
effective maximum distance will therefore be much less for a single disk 6. Also, a measure-
ment of extinction A = 1± 0.75 for the entire disk hardly warrants the effort. For individual

6Many disks could in principle be combined to improve statistics.
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galaxies a maximum distance of 35 Mpc should be considered much more practical, allowing
for some spatial resolution of opacity in the disk.

The minimum distance also depends on the choice of solid angle of interest, in addition to
the effects of granularity. If the measurements are taken over larger solid angles, the loss of
distant galaxies due to granularity can be compensated for. The relation between the number
of field galaxies without extinction (N0) as a function of distance is shown in Figure 7.3. The
number of field galaxies that can be detected through the disk decreases by a factor 2-3 when
the distance drops from around 25 Mpc down to below 10. If we still want to get an opacity
measurement similar to the one above (A = 1, ∆A = 0.75) then the minimum solid angle
required is 3.39 × 2, 5 ≈ 8.4 square arcminutes.

In order to compensate for the loss due to granularity, a bigger solid angle can be con-
sidered, which is possible for a closer disk. However another consideration comes into play:
the field-of-view of the instrument. Even with the 12.25 square arcminutes of the ACS, the
maximum surveyed solid angle for a single galaxy is some 180 square arcminutes -two recent
programs on M101, not covering the whole of the disk (See also Chapter 8). So the biggest
solid angle surveyed on a single galaxy to date has about 20 SFM resolution elements in it. A
galaxy disk at a shorter distance would require an even bigger investment of observing time.
This makes the distance to M101 of 6.7 Mpc the minimum practical distance. This distance
can be brought down somewhat by sacrificing some spatial resolution. But the minimal value
for N0 in Figure 7.3 implies marginal results.

A larger solid angle is easier to cover using ground-based observations. As Cuillandre
et al. (2001) showed for M31, the confusion between blended foreground stars and back-
ground galaxies quickly makes a meaningful measurement impossible, even at some distance
from the galaxy center. The imaging standards of the SFM effectively demand space-based
optical data.

The prediction from González et al. (2003) that the SFM can only successfully be applied
on Virgo cluster spiral galaxies is corroborated by these estimates of minimum and maximum
distance. Opacity measurements of Local Group members will indeed be much more difficult.

7.8 Conclusions

From the uniform application of the “Synthetic Field Method” to a sample of HST/WFPC2
fields, we draw some conclusions as to the applicability of this method on HST images of
spiral disks:

1. Surface brightness affects the accuracy of the SFM by flattening the slope in equa-
tion 7.1 (Figure 7.2). The relation between surface brightness and the parameter C
has remarkably little scatter. This relation limits the SFM to the outer regions of the
foreground disk.

2. Granularity affects the accuracy by diminishing the detectability of galaxies and hence
the normalization of equation 7.1 (Figure 7.5).

3. Granularity changes with distance and, as predicted by González et al. (2003), is the
limiting factor for nearby disks. (Figure 7.3 and 7.4).
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4. Surface brightness averaged over a field and structure in a field have a similar effect on
the SFM. They limit its accuracy in the center of the disk (Figures 7.2 and 7.6).

5. The effective minimum distance for the SFM would be of interest as its use on nearby
galaxies could give us the most detailed opacity map of a disk. Using reasonable
numbers, a minimum distance of 5 Mpc is found from the relations between SFM
parameters and distance, due to granularity and FOV considerations.

6. The effect of a foreground disk on the number of distant galaxies can be detected
up to some 70 Mpc but the effective maximum distance for any scientific interesting
result is about 35 Mpc. This would provide at least some spatial resolution of the dust
extinction.

7. The relation between granularity and SFM accuracy displays still some scatter. Hence
a synthetic field to chatacterize the normalisation (N0) may be desirable. However,
a quick result can be immediately obtained from the field’s characteristics, surface
brightness and granularity and the number of distant galaxies detected, provided detec-
tion method and data are similar to this Chapter’s. These relations should also help in
the selection of ACS fields for SFM analysis.

8. Future work with the ACS seems more than feasible, even for the closer disks. The
combination of its resolution, sensitivity and field-of-view will likely facilitate meas-
urements. The FOV and speed tips the balance more in favour of nearer objects.

7.9 Future work

With the SFM proven to function, the number counts for other HST imaging of face-on spiral
galaxies could be used for opacity measurements. The Advanced Camera for Surveys has
superior field-of-view and sensitivity making its fields of face-on spirals obvious candidates.
Currently in the Hubble archive are fields of NGC 300, NGC 3370, NGC 3621, NGC 3949,
NGC 4258, NGC 4319 and notably large datasets on M51 and M101. These span a range
of distances, NGC 3370 near the possible maximum (D = 30 Mpc) and NGC 300 below the
minimum (D = 2 Mpc). These however are imaged in more photometric bands, improving
the field galaxy identification, and the Hubble Ultra-Deep Field (Beckwith et al. 2003) and
GOODS fields are candidate reference fields. With this wealth in existing data, the SFM
promises to continue to shed light on dust extinction.
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8
Future work with the Synthetic Field

Method
Based on:

HST AT cycle-14 proposals 450 and 453, both accepted

Abstract

The installation of the Advanced Camera for Surveys in the Hubble Space Telescope in 2002,
opened up the possibility of quickly imaging the whole of the disk of spiral galaxies. The
ACS is a improvement in accuracy, resolution, field-of-view over the WFPC2 camera and
several datasets are now in the archive, that could be used for similar analysis as done in the
previous Chapters. The most notable and suitable ones are those on M51 and M101. This
Chapter briefly highlights the possibilities of these data-sets to complement and improve on
the work done with the WFPC2.

8.1 Justification for more SFM analysis

Dust in spiral disks not only alters our perception of spirals but is also an important catalyst
and component of the interstellar matter, both chemically and dynamically. Recently, a cold
component (T = 20 K.) of the dust, which is difficult to constrain with infrared emission, has
been found from ISO and JCMT/SCUBA sub-mm observations (See Chapter 6.). Estimates
of dust content are unfortunately biased by the dust temperature which is dominated by the
illumination of the dust by stars and hampered by uncertainties in dust emissivity. In contrast,
the extinction by dust is indicative of the total dust content of a spiral disk. Recently, we have
proposed to characterize the opacity of the disks of M101 and M51 based on the number of
distant galaxies seen through the disk. By comparing the extinction to other measurements
of the interstellar medium we intend to learn more on the role of dust in the disk of spiral
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galaxies.
The extinction in a foreground disk can be characterized once a known background source

is identified. The rare pairs of occulting galaxies have been used to characterize absorption
(White et al. (2000); Domingue et al. (2000); Keel and White (2001a,b)). A more generally
applicable method is to use the number of distant galaxies seen through the disk of a spiral
as the background source. González et al. (1998) used these and calibrated their number
for the crowding and confusion using the “Synthetic Field Method”. Chapter 3 (Holwerda
et al. 2005b) showed that both techniques agree well on disk extinction and presented radial
extinction plots based on the counts of distant galaxies.

The new ACS data sets will bring down the uncertainties in the SFM opacity measure-
ments as these provide a large solid angle on a single galaxy. In order to obtain the statistics
for an opacity measurement, it is no longer necessary to combine several disks. Any system-
atics resulting from combining several different disks can now be avoided altogether.

Figure 8.1: Left: A sketch of the field observed by Cuillandre et al. (2001) (square box at
lower right) to the optical image of M31 (Sandage and Tammann (1981)). The thick contour
is the large-scale H I emission extending over 5o (thick contour; at 8 × 1019 atoms cm−2.
Right: the distribution of large bright background galaxies over the image as identified from
a visual inspection. The largest symbol corresponds to galaxies with MV = 18.5. The
remaining four smaller symbols indicate galaxy magnitudes ranging from 19 ± 0.5 (larger
symbol) to 22± 0.5 mag (smallest symbol). The thin HI contours are drawn at levels of 2-18
in steps of 2, plus contours at 13 and 19, in units of 7.7×10 19 atoms cm −2 from (Newton and
Emerson (1977)). At higher HI column densities, there appear to be fewer galaxies. However,
a much better comparison can be made using the many more galaxies that can be identified
in HST images.

Figure 3.2 shows the radial extinction plot, averaged over several galaxies, based on
counts of distant galaxies in HST/WFPC2 fields. The position of these fields was such,
however, that the extinction measurements at higher radii (R > R 25) become much more
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Table 8.1: M101 ACS Archival Fields
Field Prop I.D. Exp Time (sec.)
Nr F814W F555W F435W
1- 9 9490 720 750 900
10-16 9492 360 360 360

uncertain. By analysing a large field on a single galaxy, we are confident an accurate meas-
urement of the extent of the extinction in a disk can be made.

Cuillandre et al. (2001) analysed a field in M31, based on observations from the ground
(Figure 8.1). They found a hint of an inverse relation between the numbers of bright galax-
ies they could identify and the HI column density. Using HST, the numbers of identifiable
galaxies is greatly improved and a more direct comparison between HI column density and
opacity can be made.

The emission from dust is being well characterized by the Spitzer Space Telescope. The
three mid-infrared bands can map the position and temperature of the warm dust grains (T ≈
40-60 K.). By comparing this map to the extinction, a colder component can be inferred. In
the case of M101, this would be the only way to detect this colder dust as sub-mm observa-
tions over such a large field would suffer too much from sky systematics.

Using the M51 and M101 mosaics, the following science questions can be addressed: to
what radius does the extinction extend? Is there a cold dust component in the disk and how
prominent is it? Is there a relation between the opacity of disks and their atomic hydrogen
column density?

8.2 ACS data

There is Hubble Archival data on M101 and M51 that would be extremely suitable for ana-
lysis using the “Synthetic Field Method”. Such large uniform data-sets could be used to test
a fully automatic object-classification, using Self-Organising Maps. Fortunately, the method
does not hinge on the success of this classification scheme as there is a semi-automated
method, presented in Chapter 2 (Holwerda et al. 2005a).

8.2.1 M101

In cycle 11, proposals 9490 and 9492 resulted in HST imaging of most of M101’s disk. Ori-
ginally these proposals were to identify optical counterparts for ultra-luminous x-ray sources
(Kuntz and Chandra/HST M101 Collaboration (2004); Mukai et al. (2004)), to study the
young starcluster population and to study HII regions in the outer disk. The position of the
ACS fields are displayed in Figure 8.2. The two projects have three bands in common, the
F814W (I), the F555W (V) and F435W (B) bands (See Table 1 for exposure times.). A mo-
saic of all 16 fields is shown in Figure 8.2. This is largest solid angle covered by HST on one
single galaxy to date. This is approximately 1.5 times the solid angle of all the WFPC2 fields
analysed in the previous chapters.

M101 is an ideal candidate to probe the extinction using distant galaxies. It is face-on
and nearby enough to cover a large solid angle while distant enough to ease the granularity
problems that plague counting efforts in nearby galaxies (See also Chapter 7). In addition,
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Figure 8.2: The mosaic of ACS pointings in M101. Left: The central-west set of 10 ACS
pointings is from the 9490 proposal on ULX optical counterparts and stellar clusters and
the 6 north-eastern are from the 9092 proposal to study HII regions. Right: The mosaic of
ACS pointings in M101 (courtesy of the P.I. of proposal no. 9490, Dr. K. D. Kuntz). The
visual check of ULX sources has already resulted in the identification of several background
galaxies.

Table 8.2: The Heritage Program Observations

Filter Individual Total Limiting
Exp. Time Exp. Time Magnitude
(sec.) (sec.) (mag)

B (F435W) 680 2720 27.3
V (F555W) 340 1360 26.5
I (F814W) 340 1360 25.8
Hα (F658N) 680 2720 -

it has been well studied: a HI column density map is available and Spitzer imaging will be
available from the archive in the near future.

This data has many advantages over the WFPC2 data used in the analysis by Holwerda
et al. (2005a,b) and the ground based data in Cuillandre et al. (2001). A single-orbit ACS
observation provides similar sampling and depth as a drizzled WFPC2 field but more import-
antly, a factor 3 improvement in field-of-view. The small pixel-size and photometric accuracy
of the ACS will aid the identification process of objects in these fields. In addition, there are
the two available colors (B-V and V-I) to help to identify objects.

Our initial estimate is that there are about 200,000 objects in this mosaic. This unique
dataset with such a large number of uniformly imaged objects, opens the possibility to use a
fully automated classification scheme.
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Figure 8.3: Left: The mosaic of ACS pointings for the Heritage proposal. Taken from
http://www.stsci.edu/hst/proposing/M51-heritage. Right: The resulting mosaic. Table 8.2
lists the exposure times and expected limiting depths.

8.2.2 M51

The Hubble Heritage Team has announced deep, high-resolution imaging of M51 using the
Advanced Camera for Surveys on board the Hubble Space Telescope in three photometric
bands and a narrow Hα filter (See Figure 8.3 and Table 8.2). These will be publicly available
in April 2005 (proposal number 10452). Comparison fields are available from the GOODS
survey and the Hubble Ultra Deep Field.

The observing strategy and choice of target is ideal for application of the SFM. M51 is
face-on, at the right distance, and well studied for comparison. The observations span enough
radial coverage and solid angle to reduce uncertainties in the estimates of average extinction.
For example, one could compare the coverage by the ACS mosaic in Figure 8.3 to the two
WFPC2 fields in Figure 8.4. The difference in solid angle covered is an order of magnitude,
vastly improving statistics. The dithering strategy will not only cover the chip-gaps but also
improve the sampling. This improvement in sampling should aid the identification process
of distant galaxies at the distance of 8.4 Mpc.2. The multiple exposures combine to a very
deep imaging of disk of M51. While González et al. (1998) argued that the exposure time is
not the limiting factor for the SFM, the high photometric precision from the high exposure
times will, however, aid the determination of structural parameters such as asymmetry and
concentration which can be used for object classifications. In addition, the three photometric
bands will aid greatly in the identification process of objects in these fields. The fields in the
narrow Hα band can be used to identify the HII regions to safeguard against their selection
as distant galaxies. Given the high quality of this data, we expect the identification process to
the much less laborious than the earlier SFM work.

2See for a discussion on disk granularity, distance and resolution and how they affect distant galaxy detection,
González et al. (2003) and Chapter 7 of this thesis (Holwerda et al. 2005e).
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8.2.3 Object classification: the Self-Organizing Map

Automated classification of astronomical objects is a field on its own between computer sci-
ence and astronomy. Star/galaxy separation, galaxy classification and spectral classification
all have seen applications of neural networks. As long as there is a parameter space in which
object classes are represented as sufficiently separate vectors, a neural network can perform
classification as well as a human observer. The principle drawback of neural nets is that for
each specific parameter-space and set of classes, a sufficiently sized training set needs to be
supplied to train it.

Unsupervised neural networks however group the objects based on similarity and after-
wards these groups can be classified, eliminating the need for a trainingset. An example of
such an unsupervised network is the Kohonen Self-Organising Map (SOM, Kohonen (2001)).
The SOM is a two dimensional field of ”nodes”, vectors of the same dimension as the vectors
representing the astronomical objects. After the self organizing process, each object class
correspond to a cluster of nodes on the map.

To train the SOM, each of the nodes is seeded with random values. The training algorithm
then runs through the entire set of objects to be classified. Each object is compared to all the
nodes on the map and the node most similar to the object is subsequently adjusted to resemble
the object more. In addition, the neighbouring nodes in the map next to the winning node are
adjusted as well, albeit not as much. This operation is repeated for a great number of objects
and the measure of node adjustment is slowly damped. This causes the nodes in the map start
to resemble the typical object vector for a certain class. Then only the object class associated
with each node or cluster of nodes needs to be identified visually.

Self Organising Maps are a variant of unsupervised Neural Networks (NNW). The pre-
requisites for a successful classification with a SOM are that (1) the dataset is sufficiently
large and spans all types of objects, (2) the parameter space chosen can differentiate between
object classes. The classification itself requires a judicious choice of parameters (to maximize
differentiation) and size of the map. Analogous to the size of parameterspace and the number
of nodes (mapsize) would be the resolving power of a telescope’s optics and the sampling of
its point spread function (psf) by the detector.

We plan to find the right configuration of mapsize and parameterspace to classify the
objects in the M101 and M51 catalogs and identify the background galaxies in the catalogs
of science field and synthetic fields.

8.3 Disk opacity mapping

Once the background galaxies are identified in the science and synthetic fields of M101 and
M51, their numbers can be compared to a series of characteristics of the disk: e.g. distance
from the center, HI column density, surface brightness or infrared emission.

The projected distance from the galaxy center can be computed for each object in
the catalogs, of both science and synthetic fields. The ratio between the number of
synthetic and science galaxies as a function of radius can tell us the extent of the dust
disk of M101 and M51. Earlier radial plots based on the numbers of distant galaxies
were averaged over several galaxies (Chapter 3, Figure 3.2, Holwerda et al. (2005b)). To
do so, the counts from several galaxies needed to be combined and coverage at higher
radii was not optimal. This has the disadvantages that the radii had to be scaled and the
radial coverage did not extend beyond the R 25 (de Vaucouleurs et al. 1991) such that the
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errors were small enough to determine accurately the radius at which there is no more
extinction. Using the ACS data, a similar radial extinction plot can be constructed for only
a single galaxy. The radius to which the extinction extends can then be much better de-
termined as these fields extend to much greater distance from the center (Figures 8.2 and 8.3).

In addition, it becomes possible to compare the numbers of galaxies as a function of
HI column density instead of radius. Thomas et al. (2004) present the possibility of a
relation between HI emission and cold dust detected with SCUBA emission. In Chapter
4 the radial profiles were compared for individual galaxies. But instear of comparing
HI and opacity per radial interval, a direct comparison would reveal any relation much
better. With only two foreground galaxies, the number of distant galaxies can be directly
compared per HI contour. Similar work was done on M31 by Cuillandre et al. (2001).
Unfortunately, only the brightest galaxies can be identified in ground based data but
their number does seem to drop with HI column density (Figure 8.1). The HI column
densities can be obtained from the map from Kamphuis (1993) for M101 and Rots et al.
(1990) for M51, both kindly provided by J.M. van der Hulst. The solid angle covered
by the ACS mosaics are smaller than the field in Figure 8.1, but the accuracy and depth
of the ACS fields will allow identification of many more distant background objects
allowing for a much more accurate extinction measurement. Diffuse extinction and HI have
been found to correlate in our own Galaxy. However, the absorption in a spiral disk as
a whole is likely also due to dark clouds and these may anti-correlate with HI column density.

Meijerink et al. (2005) present a sub-millimeter map of M51. They find evidence of a
cold extended dust disk. However, the sky background of the SCUBA scan map remains an
unknown. The detection by SCUBA of extended emission therefore remains difficult. To
compare, we plotted the opacity measurements from the two WFPC2 fields analysed as well
(Figure 4.4). The uncertainties due to lack of solid angle make the comparison problematic
although they appear to agree with the SCUBA result. If this is the case, the SCUBA
emission and the extinction probe the same cold part of the ISM in the disk of M51. A radial
plot from the ACS fields will have significantly reduced uncertainties as well as an extended
radial coverage.

Stevens et al. (2005) assert that there are two components of dust, a warm (40-60 K) and
a colder one (10-20K) in the spiral disk, based on infrared and sub-mm emission. The map of
M51 by the Spitzer Space Telescope in the infrared can be used to track the warm component
(Figure 8.4). The extinction traces the combination of both components. The comparison
between the opacity map and the infrared emission should reveal the existence and relative
import of the colder component.

The Spitzer Space Telescope has an approved program to obtain scan maps of all of M101
using both cameras on board, the IRAC and MIPS (GTO proposal no. 60, PI: George Rieke).
By comparing the emission from dust grains from the MIPS images (at 24, 70 and 160 mi-
cron) to the extinction by dust, the existence and relative prominence of a colder component
of the dust can be probed. A SCUBA measurement of the cold dust component of M101 is
likely to be troubled by the sky component over such a large solid angle. However, SCUBA-2
might be able to do so. The difference between extinction and mid-infrared emission is likely
the only way for a cold dust component to be found in M101.
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Figure 8.4: The Digital Sky Survey image and the three MIPS bands (24, 70 and 160 micron)
with the two WFPC2 fields overlaid.

M101 is a spiral disk for which detailed metallicity gradients have been published (Ken-
nicutt and Garnett (1996); Kennicutt et al. (2003b)). One could compare the dust gradient
directly to this without the necessity to take the temperature gradient of the dust -as with
emission- into account.

8.4 Concluding remarks
The counts of distant galaxies in archival HST/ACS data of M101 and M51 can address a
series of scientific questions, often in combination with other existing data. The following
questions can be answered: how far out beyond the optical disk do dust clouds extend? How
does extinction and atomic hydrogen (HI) relate to each other in a spiral disk? How does
the emission from dust -both sub-mm and infrared-, compare to the extinction? Is there a
significant cold component of the dust in the disk? Is this cold dust extending beyond the
optical disk? Does the metallicity and the dust content drop off with radius in a similar way?

With the wealth of comparison data and the high quality data-products, the above ques-
tions can be successfully addressed using this unique but proven observational technique.



9
Discussion and Outlook

Distant galaxies have been observed through the disk of a foreground spiral galaxy for
quite some time. These observations have now progressed from mere anecdotal evidence
of disk transparency to a valid, calibrated and well-understood method to quantify the dust
content of the disk.

The intuitive conclusion that the disk is effectively transparent -because one can see a
distant object through it- has conclusively been proven too naive. In the case where one
can observe such an object, the disk is likely more transparent. Such observations can be
made surprisingly close to the center of a spiral galaxy. This is, however, only part of the
picture. Some of the distant galaxies are obscured and their absence is much more telling.
The potential for using the number of distant galaxies in a field as an extinction probe was
recognized very early in the research into spiral galaxies but could only be used qualitatively
(§ 1.7.2). Calibrated counts can give a quantitative answer.

My conclusions are listed at the end of each of the preceding Chapters but the main con-
clusions are summarized below. How the results compare to earlier work, their implications
and still outstanding questions are also discussed.

9.1 Results from this thesis

The crucial contribution by González et al. (1998) was to introduce the “Synthetic Field
Method”. This method calibrates the number of distant galaxies for the effects of the many
foreground objects, making this number a quantitative measure of dust extinction. This first
paper proved the SFM technique to be feasible. In addition it became clear that this method
required high-resolution space-based HST imaging and that much more solid angle needed
to be analysed.

The first step in the thesis project was to automate the technique (Chapter 2) in preparation
for its application to a much larger set of HST images. These were subsequently selected from
the archive (§ 3.2) and processed (§ 2.3.1).
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The initial application of the automated method, again to NGC 4536, offered results
very similar to those of González et al. (1998). This outcome was encouraging, for it
shows that the results obtained are independent of the ‘observer’, who does the actual object
classification (§ 2.5.1). While the identification process is not completely automated as
yet, the independence of observer does show that the method could, in principle, be fully
automated provided the same identification criteria are applied to both synthetic and science
fields. In the process of automation the uncertainty estimate, as well as the standard reference
field were improved (§ 2.4.3).

The automated method allows for a uniform analysis of many fields, the original goal
of this thesis project. The general values of disk opacity from the combined counts could
now be compared to other disk characteristics. The first results by González et al. (1998)
were presented per chip of the WFPC2 array. An approach that could reveal more about
the spiral disks is to group the counts of distant galaxies according to some characteristic
of the foreground disk. The pilot results are presented in Chapter 2. The foreground disk
characteristics used are:
(1.) projected radius from the center of the foreground galaxy (Chapter 3),
(2.) near infrared surface brightness of the foreground disk (Chapter 5) and
(3.) typical region in the spiral galaxy, e.g. arm or disk (Chapter 3).
The radial profiles of extinction can subsequently be compared to existing profiles in the lit-
erature, such as the atomic hydrogen surface density (Chapter 4), the SCUBA sub-millimeter
emission profile (Chapter 4) or the Spitzer mid-infrared emission profile (Chapter 6).

The radial extinction profiles based on the number of distant galaxies seen through a disk,
indicate that significant absorption occurs for most of the optical disk (Chapter 3, Figure
3.2). The inner part of a spiral disk is shown to be a lot more opaque than the rest of the disk
where the extinction remains nearly constant out to the R25. Spiral arms do have an effect on
this radial profile (§ 3.5.2, Figure 3.7). These display a higher opacity and a stronger radial
dependence of extinction in comparison to the rest of the disk.

The opacity is a measurement through the whole height of the disk, a value not directly
probed in other studies except for the overlapping pairs of galaxies analysed by the Keel
and White group (§ 1.7.1). It is especially encouraging to see that both techniques agree
very well, despite the completely different assumptions, strengths and weaknesses (Chapter
3, Figures 3.9 and 3.11).

The fact that this opacity measurement appears to be independent of the inclinations
of the disks, indicates that the dust responsible is not distributed uniformly but in a patchy
and flat distribution. The filling factor of the clouds is the prime factor in our measurement
(§ 3.5.1). By comparing the average colors of the distant galaxies found as a function
of radius and therefore opacity, it becomes clear that the distant galaxies do not appear
reddened (Figures 3.14 and 3.15 and § 3.6). This can also be interpreted as an effect of a
patchy distribution of dust. A short discussion on the effects of a clumpy distribution of dust
on counts of synthetic galaxies is presented in Appendix C. The effects of a clumpy dust
distribution on counts of distant galaxies is a line of future inquiry.

The radial dependences of opacity and average surface brightness appear to be somewhat
correlated (§ 3.7, Figure 3.16). Such an interdependence would indicate that the dark dust
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clouds are spatially correlated with the stellar distribution. A higher surface brightness does,
however, limit the accuracy of the SFM (Chapter 7, Figure 7.2), although a measurement is
still feasible.

A better understanding of the relation between dust extinction and surface brightness can
be found when the counts of galaxies are directly compared per surface brightness value.
There is a relation between surface brightness and opacity for the brighter parts of the disk
(§ 5.4), mainly the spiral arms. This observation is consistent with the notion that the arms
are overdensities in the disk (§ 5.5). Over the rest of the disk, however, the opacity remains
relatively constant with surface brightness. This effect is another aspect of the flat radial
extinction profile of the disk outside the spiral arms.

The radial profiles of HI and opacity can also be compared. In the case of individual
galaxies, there seems to be no relation -not surprising given the prevalent profiles in HI with
a central dip and the peak in the disk whereas opacity profile rises towards the center (Figure
4.1a, § 4.3). When the counts of the galaxies and the HI profiles are averaged, the ratio
between dust and HI is higher than found in previous studies (Figure 4.3, § 4.4). One could
argue that the SFM, which is independent of dust temperature, detects all the dust in the
disk. A large part of this dust may be hidden in dark cold clouds. In future applications of
the SFM, the counts of distant galaxies can be compared directly per contour of HI column
density, similar to the sorting by surface brightness done in Chapter 5. Any relation found by
this comparison would be more robust.

Sub-millimeter emission is much more sensitive to colder dust in the disks of spiral
galaxies. Unfortunately, the SCUBA instrument has not mapped many galaxies in this
thesis’s sample. In the few cases it did (Chapter 4, § 4.5) the radial profile of opacity and
sub-mm emission could be similar. Much better comparisons can be made for future SFM
counts and sub-mm maps. The Spitzer Space Telescope has mapped many more galaxies in
this thesis’s sample but it observes at shorter wavelengths. In order to match up the emission
profile at 160 micron and our opacity measurements, a low (single) temperature of the dust
needs to be assumed for the conversion from flux to optical depth (Chapter 6). A more
realistic approach should contain a dust temperature gradient with radius as a result of the
diminished heating by stars at greater radii.

Generally speaking, we can conclude that the dust extinction in a disk does not follow
either the stars or the atomic gas completely but remains somewhere in between. One could
speculate that the dust recently produced by stars still follows the stellar distribution, while
some other fraction was ejected or produced earlier and therefore extends to higher radii.

How the calibration of the counts depends on foreground disk characteristics could be
explored using the dataset analysed here with the SFM. The SFM’s accuracy can be shown
to depend on surface brightness and the normalization on granularity of the field (Chapter 7).
These relations could in principle be used to obtain an opacity estimate, foregoing synthetic
fields completely.

The optimal distance of the foreground disk for SFM analysis is between 5 and 35 Mpc.
The field becomes too grainy to find enough distant galaxies in nearby disks1 and the disk

1The WFPC2 fields of the closer M51 and M81 are somewhat more grainy than the rest of the sample. See
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does not cover enough distant galaxies -i.e. solid angle- if it is too far away.
A more realistic model of dust in a spiral disk is a clumpy distribution of dark clouds.

How the number of distant galaxies depends on a given clumpy dust distribution can best be
explored using a large dataset on a single spiral disk.

In future use of the counts of distant galaxies as an extinction probe, synthetic fields will
probably remain necessary, given the unique circumstances in each foreground field. It is
very possible, however, that the detection and identification of objects in these fields may
become completely automated.

There are many fields in the Hubble archive, notably those made with the ACS, that can
be analysed to answer some of the outstanding questions on the extent and character of dust
in spiral disks.

9.2 Comparison of results with earlier work

Calzetti (2001) reviews the current consensus on the opacity of disks. The consensus has
arrived at the following conclusions: the central regions of disks are opaque while the outer
regions (beyond 2-3 scalelengths) are almost completely transparent (Huizinga and van
Albada 1992; Huizinga 1994; Peletier and Willner 1992; Giovanelli et al. 1994, 1995; Jones
et al. 1996; Moriondo et al. 1998; Masters et al. 2003). The face-on opacity in the outer parts
of s disk should be about 0.25 magnitude in the I-band (Peletier and Willner 1992). The
scale lengths of the dust is about 40% more than the scalelength of the stars (Xilouris et al.
1999). Spiral arms are more opaque than the surrounding disk (Beckman et al. 1996; White
et al. 2000) and the brighter galaxies have in general more opaque disks (Giovanelli et al.
1995; Masters et al. 2003).

The results from the counts of distant background galaxies, presented in this thesis,
agree with some of these earlier studies very well. However, the radial plot in Figure
3.2 seems at first hard to reconcile with some results from other authors. The extinction
found in the optical disk is indeed more than the 0.25 mag but several factors should be
considered here. First, the results in Chapter 3 were not corrected for inclination, because
dust geometry is itself a factor in the inclination correction of extinction measurements. On
the other hand, in general inclination studies use a simple slab model so their correction
to face-on values also suffers from this problem. The other methods mostly use the
disk’s own light to probe extinction and therefore become less accurate in the low surface
brightness part of the disk. In contrast, this thesis’s results improve for low surface bright-
ness of the foreground disk. And our method measures the opacity due to the entire height
of the disk of a spiral galaxy. Therefore, the higher values of opacity at the R 25 seem realistic.

In addition, counts of galaxies show that the spiral arms are more opaque than the disk.
Again the occulting galaxy technique agrees very well with this result (White et al. 2000), as
do models of the surface photometry of disks (Beckman et al. 1996). The spiral arms show
a gradient of opacity with radius as well as with surface brightness, while for the rest of the
disk the opacity is more constant with both radius and surface brightness. This is consistent

Appendix A.29, A.30 and A.10.
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with e.g. the SCUBA map of M51 by Meijerink et al. (2005).

The opacity profiles in early (Sab-Sbc) and late type spirals (Sc-Sd) also agree with
earlier results (Peletier et al. 1995). The later types appear to be almost transparent at the
R25 while the earlier types show more opacity at that radius.

The average color of the galaxies does not indicate any reddening. González et al. (1998)
point out that the SFM cannot distinguish easily between a Galactic or a grey extinction law.
The interpretation for this is that the distant galaxies found are inherently on a lower-opacity
line-of-sight. That is, the missing galaxies are dropped from the selection by fully opaque
clouds. For comparison, the occulting galaxy technique finds also an extinction law greyer
than the Galactic one in the initial results (White et al. 2000). However, they find reddening
consistent with the Galactic Extinction Law in HST observations (Keel and White 2001a,b),
provided the linear resolution is better than 100 pc. Since the SFM measures an average
extinction over an area of a foreground disk which corresponds to a section larger than 100
pc, the grey extinction result is very much in agreement with the Keel and White findings.

A well-behaved extinction law for our distant galaxies would have been a suspicious
result. The distant galaxies are extended sources with large color spread. And these have
been found on probable low-opacity lines of sight. The opacity was derived from the
absence of their colleagues. Therefore the major part of the light from which the redden-
ing is determined suffers from little extinction. An extinction law would have implied an
extremely smooth, uniform and diffuse dust screen in all our disks, a highly unlikely scenario.

The brighter regions in the images -center and spiral arms- do show more extinction
derived from galaxy counts. This is similar to the global relation found by Giovanelli et al.
(1995); Tully et al. (1998); Masters et al. (2003) that brighter galaxies are also more opaque.
The constant opacity for the dimmer parts of the disk (Chapter 5) is consistent with the more
extended dust disk found in Chapter 3 and sub-mm observations of extended dust disks by
several authors.

The flat radial distribution of the dust is also the reason that dust scalelengths are found
to be much larger than in previous measurements (Figure 5.9), such as the value of 1.4 times
the disk’s scalelength, that Xilouris et al. (1999); Radovich et al. (2001) find for edge-on
galaxies. Cold dust disks were found by several authors to be more extended than the optical
disk (Nelson et al. 1998; Alton et al. 1998b; Trewhella et al. 2000) but the actual extent of the
dust disk is still unknown. Future opacity measurements from counts of galaxies and sub-mm
observations should resolve the extent of this cold dust disk.

9.3 Implications of the results

There are several implications from the results in this thesis. The picture of dust in the disks
of spiral galaxies that emerges has consequences for both our observations of the old and
distant Universe as well as our view of spiral disks.
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9.3.1 Implications for our view of spiral galaxy disks

The initial assumption that dust follows an exponential disk, similar to the stellar light may
be too simple. There is an additional extended dust distribution in the disk, seen in the SFM
opacity estimates and sub-mm observations. Its actual extent is still unknown but it appears
to be larger than the optical disk and smaller than the HI disk. Models of the evolution of
spiral galaxies need to explain how this dust got there. Did it form at these radii? Did galactic
fountains bring it there? If there are dark cold clouds at larger radii, as the results suggest, is
there some star-formation associated with it?

The relation between light and opacity for the brighter regions implies that some of the
dust, however, does follows the distribution of stellar light. This implies that some of the
stellar mass in the disk is still hidden, especially in the central part of the disk. A constant
mass to light ratio -often assumed for the stellar disk- does not take this extra component in
the brighter regions into account. The fact that the brighter spiral arms are more opaque than
the rest of the disk implies likewise that these are more dense than the rest of the disk.

Dust in our own Milky Way is concentrated in dense clouds. This clumpiness is also
evident from the counts and colors of distant galaxies in other disks. A grey opacity of 1
magnitude implies a filling factor of about 60%. If these clumps are of the same angular scale
as the background galaxies, one could imagine that this observed filling factor is an upper
limit. It is easily conceivable that a dust cloud does not need to cover the entire background
galaxy to cause it to drop from the selection. However, synthetic fields using large clouds
show a much shallower relation between number of background galaxies and opacity
(See Appendix C). The inferred opacities would have been much higher using clumpy
simulations. The agreement between the SFM opacity values and those from occulting
galaxies argues against a predominance of these cloud sizes. Numerous very small clouds
have the same effect on the number of distant background galaxies as the smooth screen.
Their angular size would have to be of the order of one pixel, a linear size approximately
1-10 pc. This is a typical scale of the dark cores in our own Galaxy. The relation between
distant galaxy numbers and a distribution of cloud sizes can be explored much better in a
single disk at one distance.

The clumps are very cold for the most part. The infrared emission comes from the sides
of these clouds which are heated by stellar radiation. Not surprisingly, the colder parts of the
clouds become a bigger fraction of the dust at higher radii, as the stellar radiation field drops
off.

The gas and dust in these cold clouds, in a radial distribution that differs from both the
HI and the stellar component, should play some role in the dynamical model of spiral disks.
It probably will not explain the dark matter contribution completely but its role should be
quantified and explained, at least before more esoteric forms of baryonic matter are invoked.
The best quantification of this component would be improved sub-mm observations. Counts
of galaxies can verify the surface densities found by these observations independently. Espe-
cially to verify the assumed emissivity of the dust grains at sub-mm wavelengths.
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9.3.2 Implication for observations of the high-redshift Universe

The more distant Universe, e.g. the number of distant galaxies, is the background source used
in this thesis to measure disk opacity, but the disk opacities found here have implications for
our view of the distant universe as well.

Several papers model the cumulative effects of extended dust disks of foreground galaxies
on our view of the higher redshift Universe, especially their effects on distant Quasi-Stellar
Objects (QSO)2. Many of these distant QSO’s were found from radio and gamma-ray surveys,
while their optical counterparts were faint and reddened. Therefore, most of these papers
parameterize the dust disk of spirals as an exponential disk of diffuse dust, sometimes one
that evolves with time (Masci and Webster 1999). However, if the dust is more in a flat and
clumpy distribution, the effects on QSO populations are likely to be different from the ones
in these models. The flat distribution means that the effects can be more severe, at least those
caused by the nearby galaxies. The assumed evolution of the dust disk in the models would
also have to explain the observed distribution of dust in the disks. A clumpy nature of the
dust clouds would not result in as much reddening as a smooth screen and would also not
result in a covering fraction as high as found these models (see e.g. Alton et al. (2001a)).
However, the true structure, composition and full extent of the dust beyond the optical disk
remains mostly unknown. Therefore, more observations in emission as well as from counts
of distant galaxies are needed.

9.4 Questions remaining...
This thesis sought to address some questions on the opacity of spiral disks e.g. how much is
it? Does it scale with the light? Does it hide much of the disk we see? What is its relation
to atomic hydrogen? Do different Hubble types have more dust than others? These questions
have been confronted in the previous Chapters to the degree data and method allowed.

Naturally more and new questions remain. At what radius is there no more extinction?
What is the relation with HI column density on smaller scales? Is the opacity due to the
sub-mm cold dust disk that some authors find? What does a comparison between infrared
emission and opacity tell us of the dust temperature gradient in a disk or even its composition?

Counts of galaxies have been used to address the problem of the opacity of spiral galaxies
in the past and with more data already in the archives and still outstanding questions, they
will surely be used in the future.

2See Ostriker and Heisler (1984), Heisler and Ostriker (1988), Masci and Webster (1995), Masci and Webster
(1999) and Alton et al. (2001a) for the effects on the high-redshift Universe.
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Davies, J., Phillipps, S., Disney, M., Boyce, P., and Evans, R.: 1994, MNRAS 268, 984

Davies, J. I.: 1990, MNRAS 245, 350

Davies, J. I., Alton, P., Trewhella, M., Evans, R., and Bianchi, S.: 1999, MNRAS 304, 495

Davies, J. I. and Burstein, D. (eds.): 1995, The Opacity of Spiral Disks

Davies, J. I., Jones, H., and Trewhella, M.: 1995, MNRAS 273, 699

Davies, J. I., Phillips, S., Boyce, P. J., and Disney, M. J.: 1993, MNRAS 260, 491

de Jong, R. S.: 1996, A&A 313, 377

de Vaucouleurs, G., de Vaucouleurs, A., Corwin, H. G., Buta, R. J., Paturel, G., and Fouque,



154 BIBLIOGRAPHY

P.: 1991, Third Reference Catalogue of Bright Galaxies, Volume 1-3, XII, 2069 pp. 7
figs.. Springer-Verlag Berlin Heidelberg New York

de Vaucouleurs, G. and Malik, G. M.: 1969, MNRAS 142, 387

Demleitner, M., Accomazzi, A., Eichhorn, G., Grant, C. S., Kurtz, M. J., and Murray, S. S.:
2001, in ASP Conf. Ser. 238: Astronomical Data Analysis Software and Systems X, pp
321–+

Disney, M.: 1990, Nature 346, 105

Disney, M., Burstein, D., Haynes, M. P., and Faber, S. M.: 1992, Nature 356, 114

Disney, M., Davies, J., and Phillipps, S.: 1989, MNRAS 239, 939

Dolphin, A. E. and Kennicutt, R. C.: 2002a, AJ 123, 207

Dolphin, A. E. and Kennicutt, R. C.: 2002b, AJ 124, 158

Domingue, D. L., Keel, W. C., Ryder, S. D., and White, R. E.: 1999a, AJ 118, 1542

Domingue, D. L., Keel, W. C., and White, R. E.: 2000, ApJ 545, 171

Domingue, D. L., Keel, W. C., White, R. E., and Ryder, S. D.: 1999b, in American Astro-
nomical Society Meeting, Vol. 194, pp 0704+

Draine, B. T.: 2003, ARA&A 41, 241

Draine, B. T. and Li, A.: 2001, ApJ 551, 807

Driver, S. P., Windhorst, R. A., and Griffiths, R. E.: 1995a, ApJ 453, 48

Driver, S. P., Windhorst, R. A., Ostrander, E. J., Keel, W. C., Griffiths, R. E., and Ratnatunga,
K. U.: 1995b, ApJL 449, L23+
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A
Observations

The sample of WFPC2 fields is presented in this appendix. For each pointing with the Hubble
Space Telescope, Wide Field Planetary Camera 2, the colour mosaic, the position of this
mosaic on the spiral disk, the mask, basic data and reduction comments are presented.

A.1 Colour images
For each field, there is the colorimage made by using the V-Band filter (F555W) as blue, the
I-band filter (F814W) as red and the average of both as the green. The resulting colourimages
were of a higher quality then could be expected by using only 2 photometric filters. The
Hubble Heritage project usually uses three filters to image a spiral disk (often B, V and I). In
the case of NGC 4414, the poster from the Hubble Heritage project is shown as it is based on
the same data but with both mosaics combined and based on three filters. Since the B-band
filter is available only in a few cases (Table ), these were not used in either analysis or in the
production of these color images. The mosaics are from the drizzled data. The pixelscale is
0.05 arcsec. However, not all fields have enough shifts to cover the bad pixels or columns in
these fields. If one band has enough shifts and one does not, the bad columns or pixels show
up as a bright blue or red areas in the colourimages.

The footprint of the WFPC2 mosaic on the galaxy is indicated on a Digital Sky Survey
field. These DSS images are aligned such that North is up and East is right.

A.2 Masks
The masks shown for each exposure are used to distinguish between the disk regions (See
Chapter 2 and 3). The white areas are the “crowded” regions, too crowded with foreground
objects to be of much use in the analysis. The grey areas are the “arm” and interarm regions
respectively grey and light grey. In these figures the borders of the WFPC2 mosaic are indic-
ated in white. As is obvious in the masks, these distinctions are subjective and only based on
the mosaic. The regions were marked using the GIPSY routine blot and regions are marked
beyond the WFPC2 borders simply because of convenience when marking them using blot.
The Planetary Camera, the smallest of the four chips, is shown in the mosaics and masks but
is not used in any of the analysis.
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A.3 Checking basic data

In the thesis the basic data such as right ascension, declination, type, position angle, inclin-
ation and scale radius (R25), come from two catalogs. The third reference catalog (RC3, de
Vaucouleurs et al. (1991)) and the inclination was derived from the axis ratio in the 2MASS
large galaxy atlas (LGA, Jarrett et al. (2003)) or the extended source catalog (Jarrett et al.
2000).

The reason to use these two catalogs was because the RC3 has been established for quite
some time and the values are good for comparison to existing work. The 2MASS survey
is more recent and the near-infrared photometry promised to be a better tracer of the disks,
especially position angle and inclination. Macri et al. (2000) and Macri et al. (2005) present
photometric data for the Distace Scale Key Project galaxies. This CCD data is a good com-
parison set to check the values used in the analysis (Table 3.2)

A.3.1 Scale radius

In this section the scaling radii (R25) from the RC3 catalog are compared to the ones derived
by Macri et al. (2000) and Macri et al. (2005). While the R 25 is an arbitrary scale and It may
be argued that a exponential scalelength is better yardstick of a spiral disk but the photometric
radius R25 is uniformly determined for all galaxies. In addition, much existing work in the
literature uses this radius for scaling. Using it makes it easier to compare to existing extinction
values (e.g. White et al. (2000); Domingue et al. (2000) in Figure 3.9).

Figure A.1 shows the relation between the RC3 value and those from Macri et al. (2005).
The ratio of these values is close to unity and no systematic trend can be discerned. From this
Figure, we concluded that the RC3 value could be used as a scaling length without introducing
systematics into the scaling.

A.3.2 Inclination

Inclination determinations are based on the axis ratio of the 2MASS image (Kleinmann et al.
1994), the sub ba in the catalogs, either the Large Galaxy Atlas (Jarrett et al. 2003) or the
Extended Objects Catalog (Jarrett et al. 2000). The reason to use this determination of the
inclination was twofold. First, in each case, even the LSB galaxies there was a value available,
determined in an identical way for reach galaxy in the sample. Secondly, the near-infrared
images from 2MASS trace the older stellar population in the disk, giving a better indication of
the real inclination than the B-band images used in the RC3 (de Vaucouleurs et al. 1991). The
2MASS images, however, have a short exposure time and spiral arms and other large scale
structure can still skew our estimate of the disk’s inclination. Macri et al. (2000) presented
inclination estimates in several photometric bands for many of our galaxies and these can be
compared to those of the 2MASS axis ratio and the RC3.

Figure A.3 shows the inclinations from Macri et al. (2000) and the RC3 (de Vaucouleurs
et al. 1991), both in the B-band. The agreement is clear but most galaxies seem to have a high
inclination value.

Figure A.2 shows the inclinations from Macri et al. (2000) and those determined from the
2MASS data. It is evident from this plot that the inclinations determined from the 2MASS
span a large range in values then those from Macri et al. (2000). The different inclinations
for our galaxies could be a problem for the conclusions in Chapter 3. The lack of a relation
between the opacity profile on inclination could be attributed to the fact that most of the
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Figure A.1: The R25 for the B band from the RC3 catalog and from Macri et al. (2000, 2005)

Figure A.2: The inclination determined from the axis ratio in the 2MASS catalogs and those
from Macri et al. (2000) in the I band.

galaxies are seen at the same inclination angle. Even then the complete lack of a dependence
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Figure A.3: The inclination from the RC3 (de Vaucouleurs et al. 1991) and Macri et al.
(2000) in the photometric B-band.

on inclination of the radial extinction profile still hints towards a flat dust disk.
Figure A.2 does illustrate well that the uncertainty in the inclination is of order 10 degrees.

The poor determination of inclination from the axis ratio alone has been known for quite some
time and much more superior inclination measurements from the dynamics of the HI disk are
available for galaxies with these type of observations.
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Type: SAbd, SAB(s)d
RA 02h 27m 17.0s
Dec +33d 34m 43s
z 0.001845
R25 5.61 arcmin.
D 9.16 Mpc.
AGalactic 0.147 Mag.
I(F814W) 9000.0 sec.
V(F555W) 26400.0 sec.

NGC 925 has some initial drizzle problems,
evident in smeared stars. Several exposures
had an effective exposure time of 1 sec. By
using the ORIENTAT header keyword, the dif-
ferences in rotation between different epochs
could be accounted for sufficiently to drizzle
the WFPC2 data.

Figure A.4: The WFPC2 mosaic, mask and basic data on NGC 925.



168 APPENDIX A: THE SAMPLE OF GALAXIES

Type: SBb, (R’)SBb(s)b
RA 03h 33m 36.4s
Dec -36d 08m 25s
z 0.005457
R25 5.24 arcmin.
D 17.95 Mpc.
AGalactic 0.039 Mag.
I(F814W) 16060.0 sec.
V(F555W) 66560.0 sec.

NGC 1365 was one of the first foreground
disks analysed due to the prominence of the
background galaxies. It has dust lanes and a
very bright arm region. The Hubble Heritage
team produced a poster based on the WFPC2
observations. Shown here is a new, higher res-
olution mosaic based on our data.

Figure A.5: The WFPC2 mosaic, mask and basic data on NGC 1365.
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Type: SA(rs)b
RA 03h 42m 11.230s
Dec -29d 53m 35.40s
z 0.00505
R25 2.88 arcmin.
D 21.88 Mpc.
AGalactic 0.025
I(F814W) 29700.0 sec.
V(F555W) 58800.0 sec.

Figure A.6: The WFPC2 mosaic, mask and basic data on NGC 1425.
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Type: SAB(rs)c
RA 04h 41m 28.160s
Dec -02d 51m 28.50s
z 0.00239
R25 1.99 arcmin.
D 8.2 Mpc.
AGalactic 0.078 Mag.
I(F814W) 13200.0 sec.
V(F555W) 26400.0 sec.

Selected for a separate cepheid distance pro-
gram to check SN1a distance scale. Most of
the disk is covered by the WFPC2 mosaic.

Figure A.7: The WFPC2 mosaic, mask and basic data on NGC 1637.
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Type: SAcd, SA(s)cd
RA 08h 14m 40.2s
Dec +49d 03m 42s
z 0.001865
R25 3.16 arcmin.
D 11.22 Mpc.
AGalactic 0.097 Mag.
I(F814W) 12760.0 sec.
V(F555W) 28760.0 sec.

Figure A.8: The WFPC2 mosaic, mask and basic data on NGC 2541.
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Type: SA(r)b:;LINER Sy1
RA 09h 22m 02.634s
Dec +50d 58m 35.47s
z 0.00213
R25 4.07 arcmin.
D 14.1 Mpc.
AGalactic 0.030 Mag.
I(F814W) 11000.0 sec.
V(F555W) 26400.0 sec.

NGC 2841 was a separate Cepheid project, fo-
cussing only on this galaxy (proposal 8322)
The color mosaic has a strange uniformness to
it. It is not clear why. NGC 2841 was found by
Block et al. (1996) to have a spiral structure or
dark lanes in the near infrared (K-band). Some
of that can be seen in the right side of the mo-
saic.

Figure A.9: The WFPC2 mosaic, mask and basic data on NGC 2841.
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Type: SA(s)ab;LINER Sy1.8
RA 09h 55m 33.1730s
Dec +69d 03m 55.061s
z -0.00011
R25 13.46 arcmin.
D Mpc.
AGalactic Mag.
F814W 2000.0 sec.
F555W 2000.0 sec.

M81 is the closest galaxy. The field is clearly
more granular then the rest of the mosaics.

Figure A.10: The WFPC2 mosaic, mask and basic data on NGC3031 (M81).
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Type: SBc, SB(rs)c
RA 10h 19m 54.9s
Dec +45d 32m 59s
z 0.002212
R25 4.26 arcmin
D 13.80 Mpc.
AGalactic 0.024 Mag.
I(F814W) 12560.0 sec.
V(F555W) 27760.0 sec.

Successfully reduced and second target for
SFM treatment. The faint spiral arm is visible
in WF fields as a string of star patches. The
A=0 simulation of this galaxy was used for the
trainingset of the selection tool.

Figure A.11: The WFPC2 mosaic, mask and basic data on NGC 3198.
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Type: SB(rs)cd HII:
RA 10h 39m 09.80s
Dec +41d 41m 15.9s
z 0.00247
R25 3.09 arcmin.
D Mpc.
AGalactic Mag.
I(F814W) 10400.0 sec.
V(F555W) 25300.0 sec.

This data-set was added later.

Figure A.12: The WFPC2 mosaic, mask and basic data on NGC 3319.
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Type: SBb SB(r)b;HII
RA 10h 43m 57.8s
Dec +11d 42m 14s
z 0.002595
R25 3.71 arcmin.
D 10.0 Mpc.
AGalactic 0.054 Mag.
I(F814W) 9830.0 sec.
V(F555W) 31900.0 sec.

Drizzled fine, very smooth inner parts, clear
dust lanes. hardly any field galaxies (hard
to detect as well) and quite a number of
starclusters.

Figure A.13: The WFPC2 mosaic, mask and basic data on NGC 3351.
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Type: SA(s)d
RA 11h 18m 16.06s
Dec -32d 48m 42.1s
z 0.00243
R25 6.15 arcmin.
D 6.64 Mpc.
AGalactic 0.156 Mag.
F814W 7380.0 sec.
F555W 20759.0 sec.

More spureous detections in the SFM seem the
result of the resolving of the disk. One of the
closest galaxies. A second WFPC2 field is
available. Scheduled to be completely imaged
with the ACS.

Figure A.14: The WFPC2 mosaic, mask and basic data on NGC 3621.
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Type: SA(s)d
RA 11h 18m 16.06s
Dec -32d 48m 42.1s
z 0.00243
R25 6.15 arcmin.
D 6.64 Mpc.
AGalactic 0.156 Mag.
F814W 7800.0 sec.
F555W 5200.0 sec.

Second field on NGC3621. The V and I data
were taken at different dates; 2000-12-29 for
the I-band and 2001-01-01 for the V-band.
Crosscorrelated to match.

Figure A.15: The WFPC2 mosaic, mask and basic data on NGC 3621-OFF.
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Type: SAB(s)b;LINER Sy2
RA 11h 20m 15.02s
Dec +12d 59m 29.5s
z 0.00243
R25 4.56 arcmin.
D 10.05 Mpc.
AGalactic 0.063 Mag.
F814W 25000.0 sec.
F555W 58800.0 sec.

NGC3627 has an unusual number globular
clusters in this field. This data was used by
Dolphin and Kennicutt (2002a,b) to hunt for
star clusters.

Figure A.16: The WFPC2 mosaic, mask and basic data on NGC 3627.
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Type: SABbc, SAB(s)bc;LINER
RA 12h 22m 54.9s
Dec +15d 49m 21s
z 0.005240
R25 3.71 arcmin.
D 15.21 Mpc.
AGalactic 0.051 Mag.
F814W 17150.0 sec.
F555W 32750.0 sec.

Seems to suffer from similar problem as
NGC925. No rotation recovered however.
Turned out be small shift in drizzle procedure.
Note that the first two V images predate the I
images somewhat.

Figure A.17: The WFPC2 mosaic, mask and basic data on NGC 4321.
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Type: SAc, SA(rs)c?
RA 12h 26m 27.2s
Dec +31d 13m 24s
z 0.002388
R25 1.82 arcmin.
D 17.70 Mpc.
AGalactic 0.038 Mag.
F814W 1600.0 sec. / 10230.0 sec.
F555W 1600.0 sec. / 32430.0 sec.
F606W 160 sec.

Bit small galaxy for SFM but very well
sampled with two WFPC2 fields. Redone with
Aspera5, in the case of a small number of
frames, prudent not to throw away too many
values in making the median image. Aspera5
has this check now. One field was taken by
the Hubble Heritage Project to construct the
above colorimage. The floculant nature of the
galaxy is not very conductive for SFM: large
number of false selections. It would seem that
this galaxy (and NGC4603) are a limit of the
SFM.

Figure A.18: The WFPC2 mosaic, masks and basic data on NGC 4414.
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Type: SBm, SB(rs)m
RA 12h 31m 39.3s
Dec +03d 56m 23s
z 0.005771
R25 1.99 arcmin.
D 14.86 Mpc.
AGalactic 0.048 Mag.
F814W 16000.0 sec.
F555W 68000.0 sec.

NGC4496A was imaged to find Cepheid to
calibrate the distance found from 1960F (Saha
et al. 1996b). The assumption is that this is
superposed pair of galaxies as argued by Filip-
penko et al. (1988) based on radial velocities.
However, Arp (1990) argues in favour of an
interacting pair.

Figure A.19: The WFPC2 mosaic, mask and basic data on NGC 4496A
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Type: SAB(s)bc HII/LINER
RA 12h 34m 08.50s
Dec +02d 39m 10.0s
z 0.00579
R25 3.09 arcmin.
D 14.1 Mpc.
AGalactic 0.043 Mag.
F814W 25000.0 sec.
F555W 60000.0 sec.

Figure A.20: The WFPC2 mosaic, mask and basic data on NGC 4527.
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Type: SABc, SB(s)0 0
RA 12h 27m 40.5s
12h34m20.31s Dec +13d 04m 44s
+08d11m51.9s z 0.002672
R25 3.54 arcmin.
D 15.78 Mpc.
AGalactic 0.038 Mag.
F814W 31200.0 sec.
F555W 48800.0 sec.

Lots of spiral arm visible. NGC 4535 was used
as an example of arm and disk segmentation on
posters.

Figure A.21: The WFPC2 mosaic, mask and basic data on NGC 4535.
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Type: SAB(rs)bc
RA 12h 34m 27.15s
Dec +02d 11m 16.5s
z 0.00603
R25 3.79 arcmin.
D 14.93 Mpc.
AGalactic 0.035 Mag.
F814W 20000.0 sec.
F555W 62000.0 sec.

This is the data first analysed by González
et al. (1998). Some problems with the small
shift in y direction are visible as blue rows in
the image. A detailed discussion comparing
the analysis by González et al. (1998) and this
thesis is presented in Chapter 2.

Figure A.22: The WFPC2 mosaic, mask and basic data on NGC 4536.
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Type: SBb ,SBb(rs);LINER Sy
RA 12h 35m 26.4s
Dec +14d 29m 47s
z 0.002205
R25 2.69 arcmin.
D 16.22 Mpc.
AGalactic 0.074 Mag.
F814W 30900.0 sec.
F555W 48500.0 sec.

The disk is very smooth and as a consequence,
the images are hard to cross-correlate and
drizzle. Later versions of the script dealt with
this better.

Figure A.23: The WFPC2 mosaic, mask and basic data on NGC 4548.
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Type: SAB(rs)cd HII
RA 12h 35m 57.69s
Dec +27d 57m 35.1s
z 0.00272 ( 0.00272 km/s)
R25 5.36 arcmin.
D 10.88 Mpc.
AGalactic 0.034 Mag.
F814W 2000.0 sec.
F555W 2000.0 sec.

One of the ULX (the Ultra-Luminous X-ray
sources) optical identification fields. Shorter
exposures but very usefull nonetheless.

Figure A.24: The WFPC2 mosaic, mask and basic data on NGC 4559.
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Type: SA(r)d
RA 12h 36m 56.380s
Dec +14 d13m 02.50s
z 0.00114
R25 1.82 arcmin.
D 14.9 Mpc.
AGalactic 0.091 Mag.
F814W 24000.0 sec.
F555W 10400.0 sec.

Added later in the project. NGC4571 has a
clear bright node northeast of the center. Spec-
troscopic follow-up for a positive identifica-
tions would be interesting. Is it in the disk or
behind it? (Dwarf?) Elliptical? Or reddened
superstarcluster? Or even a merger remnant?

Figure A.25: The WFPC2 mosaic, mask and basic data on NGC 4571.
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Type: SA(rs)bc
RA 12h 40m 55.21s
Dec -40d 58m 35.0s
z 0.00855
R25 1.70 arcmin.
D 33.3 Mpc.
AGalactic 0.325 Mag.
F814W 14800.0 sec.
F555W 58800.0 sec.

Reduced fairly smoothly. This galaxy is rather
far away. As a result, many spurious candid-
ates found by the algorithm from dust lane
artefacts.

Figure A.26: The WFPC2 mosaic, mask and basic data on NGC 4603.
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Type: SABbc, SAB(rs)bc
RA 12h 42m 52.4s
Dec +13d 15m 27s
z 0.003369
R25 1.38 arcmin.
D 21.98 Mpc.
AGalactic 0.050 Mag.
F814W 13000.0 sec.
F555W 58800.0 sec.

F814W filter persisted to have cosmics. Re-
done and the problem turned out to be similar
to NGC4414-1 (low number of exposures).

Figure A.27: The WFPC2 mosaic, mask and basic data on NGC 4639.
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Type: SABab, SAB(r)ab pec Sy2
RA 12h 50m 26.6s
Dec +25d 30m 06s
z 0.004023
R25 5.36 arcmin.
D 12.36 Mpc.
AGalactic 0.023 Mag.
F814W 32430.0 sec.
F555W 8730.0 sec.

WF2 corner is very crowded. The rest of the
mosaic is on a faint spiral arm. The F814W
band has trouble reducing, probably due to
lack of objects to crosscorrelate. Not many
galaxies but not many apparent dust lanes
either.

Figure A.28: The WFPC2 mosaic, mask and basic data on NGC 4725.
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Type: SA(s)bc pec;HIISy2.5
RA 13h 29m 52.711s
Dec +47d 11m 42.62s
z 0.00154
R25 5.61 arcmin.
D Mpc.
AGalactic Mag.
F814W 2000.0 sec.
F555W 2000.0 sec.

One of two suitable WFPC2 fields on NGC
5194, also known as M51. The recent Hubble
Heritage project effort to image this galaxy
with the ACS in three photometric bands will
result in an excellent dataset for further SFM
analysis.

Figure A.29: The WFPC2 mosaic, mask and basic data on M51-1.
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Type: SA(s)bc pec;HIISy2.5
RA 13h 29m 52.711s
Dec +47d 11m 42.62s
z 0.00154
R25 5.61 arcmin.
D Mpc.
AGalactic Mag.
F814W 2000.0 sec.
F555W 2000.0 sec.

In the top of the mosaic, the companion galaxy
is visible. Despite the dark region between the
two disks, there are nearly no distant galaxies
there, implying quite some extinction.

Figure A.30: The WFPC2 mosaic, mask and basic data on M51-2.
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Type: SAB(rs)cd HII
RA 20h 34m 52.336s
Dec +60d 09m 14.21s
z
R25 5.74 arcmin.
D 11.48 Mpc.
AGalactic 0.663 Mag.
F814W 2000.0 sec.
F555W 2000.0 sec.

One of the ULX (the Ultra-Luminous X-
ray sources) optical identification fields.
Shorter exposures but very usefull nonethe-
less. NGC6946 is at a low Galactic latitude.
As a result, it has the highest Galactic extinc-
tion as well as many foreground stars.

Figure A.31: The WFPC2 mosaic, mask and basic data on NGC 6946.
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Type: SAb, SA(s)b LINER
RA 22h 37m 04.1s
Dec +34d 24m 56s
z 0.002722
R25 5.24 arcmin.
D 14.72 Mpc.
AGalactic 0.176 Mag.
F814W 9860.0 sec.
F555W 40660.0 sec.

Faint spiral arm clearly distinguishable. This
field might have an overdensity of distant
background galaxies. The A = 0 simulation
of this galaxy was used for the trainingset of
the selection tool.

Figure A.32: The WFPC2 mosaic, mask and basic data on NGC 7331.
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Type: SA(s)c LSB (R’)SB(rs)m
RA 02h 49m 08.60s
Dec +02d 07m 38.2s
z 0.00907
R25 2.40 arcmin.
D 14.7 Mpc.
AGalactic 0.156 Mag.
F814W 15600.0 sec.
F555W 15000.0 sec.

Set of two LSB face on galaxies used in a
search for globular clusters in LSB galaxies.

Figure A.33: The WFPC2 mosaic, mask and basic data on UGC 2302.
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Type: (R)SA(r)a? LSB
RA 11h 39m 14.8s
Dec +17d 08m 37s
z 0.02118
R25 0.83 arcmin.
D 84.68 Mpc.
AGalactic 0.055 Mag.
F814W 10100.0 sec.
F555W 10100.0 sec.

One of two LSB face on galaxies used in a
search for globular clusters in LSB galaxies.
Its distance seems too high given the detail
seen in the WFPC2 image.

Figure A.34: The WFPC2 mosaic, mask and basic data on UGC 6614.



B
Systematics & Uncertainties

“Science is either physics or stamp collecting...” (E. Rutherford)

B.1 Introduction

The systematics and uncertainties in the number of field galaxies define the unique ”Synthetic
Field Method”. There are four factors affecting the galaxy numbers besides the dimming by
dust: crowding, confusion, clustering and counting. The first two introduce a bias in the
galaxy numbers, the second two an uncertainty. González et al. (1998) already commented
on the statistics of the SFM. The idea behind it is to calibrate the number of distant galaxies
found in the science field for the detrimental effects of crowding and confusion, using the
numbers from the synthetic fields.

Two additional factors are the prudent choice of reference field and the dust extinction
in our own Galaxy. The reference field needs to mimic the expected average of the whole
sky fairly well. Another systematic factor is extinction along the line of sight within our own
Galaxy which might introduce biases into the opacity measurements.

The following sections treat the estimates of uncertainties due to counting and clustering,
the systematics related to crowding and confusion, the suitablility of the Hubble Deep Fields
as the reference field and the effects of Galactic extinction on our measurements.

B.2 Uncertainties

There are two uncertainties: the poisson counting error and an additional term for the clus-
tering of distant field galaxies. The uncertainty from clustering affects the real number of
galaxies as the original field of galaxies behind the foreground galaxy remains an unknown.
The couniting error or Poisson error can be better estimated the

√
N for poor statistics

B.2.1 Small number Poisson error

The Poisson error is usually estimated by σ =
√

N but Gehrels (1986) gives a more rigorous
prescription for the upper and lower Poisson uncertainty for smaller numbers. We adopt their
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upper and lower limits for the counts of both simulated and real galaxies (expression 10 and
14 from Gehrels (1986) respectively).
Upper limit:

λu ≈ n + S
√

n + 1 +
S2 + 2

3
(B.1)

with S the desired confidence limit.
Lower limit:

λl ≈ n

(
1 − 1

9n
− S

3
√

n
+ βnγ

)3

(B.2)

with β and γ dependent on the desired confidence level (S), given in tables in Gehrels (1986).
These limits remain more accurate than the n ± √

n when n < 100. We applied these
uncertainties to the counts in the science field as well as the average of the six simulations.

B.2.2 Clustering uncertainty

The assumption by González et al. (1998) and this project is that the HDF-N and HDF-S
fields are representative of the mean background of field galaxies (see also more in section
B.5). However, the real number of field galaxies behind a foreground galaxy differs from
field to field depending on the clustering of field galaxies. The term cosmic variance is often
used in this context.

The standard deviation is a practical way to express this cosmic variance in the number of
distant galaxies in a given field. Peebles (1980) (p.152) gives us a derivation of this quantity
using the two-point spatial correlation function with respect to infinitesimal quantities of
volume. An identical argument can be made for the two-point angular correlation function
and infinitesimal quantities of solid angle.

The approach is that the area of sky Ω is divided up into infinitesimal solid angles δΩ i

with ni number of objects in them. The probability that the number of objects in the first cell,
an infinitesimal solid angle, is unity, (ni = 1) is n̄δΩ1, where n̄ is the mean number density
of galaxies, taken over the whole sky.

Because the chances of ni being more than one is a higher order infinitesimal, the aver-
ages of the higher orders of ni are also nδΩi:

n̄δΩi = 〈ni〉 = 〈n2
i 〉 = 〈n3

i 〉 = . . . (B.3)

The product n1n2 of the counts in the infinitesimal solid angles dΩ1 and dΩ2 is equal to unity
if there are objects in both elements and the probability of this is:

〈n1n2〉 = n̄2[1 + ω(θ)]δΩ1δΩ2 (B.4)

with the two-point correlation function ω depends only on separation θ of the two infinites-
imal sections of solid angle. The second term in B.4 is zero in the case of a random Poisson
distribution of the distant galaxies on the sky. The definition of the two-point correlation
function: “the two-point correlation function, ω(θ), is defined as the excess probability over
a random, uncorrected distribution of finding two galaxies separated by an angle θ ”. So
the chance of finding two galaxies in infinitesimal solid angles δΩ1 and δΩ2 with n1 and n2

objects, separated by an angle θ is:
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δP = 〈n1n2〉 = n̄2[1 + ω(θ)]δΩ1δΩ2 (B.5)

where n̄ is the mean galaxy surface density. The total number of galaxies in in area of sky Ω
is:

N = Σn1 (B.6)

The mean number of galaxies in a field with solid angle Ω is:

〈N〉 = Σ〈n1〉 =
∫ ∫

Ω

n̄ dΩ = n̄Ω (B.7)

The second moment takes the form:

〈N2〉 = Σ〈n2
1〉 + Σ〈n1n2〉 = n̄Ω + (n̄Ω)2 + n̄2

∫ ∫
Ω

ω(θ)dΩ1dΩ2 (B.8)

with the use of equation B.3 Combining equations B.3 and B.6 in the expression for the
standard deviation:

σ2 = 〈N2〉 − 〈N〉2 = n̄Ω + n̄2

∫ ∫
Ω

ω(θ)dΩ1dΩ2 (B.9)

The two point correlation function is often expressed as (Cabanac et al. 2000):

ω(θ) = Aω

(
θ

θ0

)δ

(B.10)

So the value of the standard deviation due to clustering in a field of size Ω of scale θ can be
expressed as:

σ2 = n̄Ω + n̄2A(mlim, F ilt)
∫ ∫

Ω

(
θ

θ0

)δ

dΩ1dΩ2 (B.11)

Integrating over a solid angle - for a small solid angle - can also be expressed as: The double
integral in B.12 can be evaluated by approximating the solid angle Ω by a circular area:

∫
Ω

dΩ =
∫ 2π

0

dφ

∫ θmax

0

θdθ (B.12)

provided θmax << π. Thus this integral can be written as:

I = Aω

∫
Ω

dΩ1

∫
Ω

dΩ2

(
θ

θ0

)δ

(B.13)

=
2πAω

θδ
0

∫ θmax

0

θ1dθ1

∫ θmax

0

θ2dθ2

∫ 2π

0

[θ2
1 + θ2

2 − 2θ1θ2cos(φ)]δ/2

or with Ω = πθ2
max results in:

I = Ω2Aω

(
θmax

θ0

)δ

F (δ) (B.14)
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where F (δ) is a numerical factor, independent of θmax which can be shown to be:

F (δ) =
2Γ(2 + δ)

Γ(2 + δ
2 )Γ(3 + δ

2 )
(B.15)

so the expression for the standard deviation becomes:

σ2 = n̄Ω + πn̄2Aω

(
θmax

θ0

)δ

F (δ) (B.16)

Substituting the total number of galaxies N in the field for n̄Ω, we obtain the uncertainty in
the number of galaxies (N) in a certain field:

σ2
clustering = N + N2A(mlim, F ilt)

(
θmax

θ0

)δ

F (δ) (B.17)

where A(mlim, F ilt) is the amplitude of the two-point correlation function to a certain lim-
iting apparent magnitude and in a specific photometric filter. The canonical value for index
of this power law, δ, is -0.8 but other values have been fit at different scales. The first term in
this expression is what one expects from Poisson statistics of random seeded fields without
structure. The estimate of Cabanac et al. (2000) were used in our uncertainty estimates as
these were in the right filter (I) but also over a proper magnitude interval. Most publications
report A(mlim, F ilt) for very small intervals while Cabanac et al. (2000) reported this num-
ber taken over the whole magnitude range as a function of the limiting magnitude. This is the
figure of interest for SFM uncertainty estimates as the uncertainty in the number of distant
galaxies taken over a large magnitude range is needed, preferably as a function of limiting
magnitude. The values of A(mlim, F ilt) from Cabanac et al. (2000) are plotted as a function
of mlim in Figure B.1.

Putting in the total number of galaxies found in a science field as N and the limiting
magnitude for detection, taken from the synthetic fields, we obtain an estimate of the uncer-
tainty in this number due to clustering effects. The limiting magnitude is estimated from the
synthetic field detections as these represent larger numbers.

The assumption for this uncertainty estimate is that the shape of the solid angle Ω under
consideration is irrelevant. This probably holds true for most of our solid angles but could
break down in the case of thin slices of sky.

It is important to note here that the uncertainty resulting from clustering of the field galax-
ies is of similar order as the uncertainty in their number from Gehrels (1986). The combina-
tion of the two should give an accurate estimate of the uncertainty in the real number of field
galaxies.

B.3 Total uncertainties

The uncertainties in the number of distant galaxies found in synthetic and science fields are
different. Both have the counting uncertainty described in appendix B.2.1. However, the syn-
thetic fields come from a known background, one of the Hubble Deep Fields and therefore
there is no uncertainty due to clustering in that background. The background in the science
fields however can be affected by clustering. The total uncertainty in the number of distant
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Figure B.1: The amplitude of the two-point correlation function (A(m lim, F ilt))of Cabanac
et al. (2000) plotted with a linear fit of log(A) and mlim These values were used to estimate
the amplitude for the higher limiting depths.

galaxies from the science field is therefore the combination of clustering and counting un-
certainties. All these uncertainties translate into an uncertainty for the opacity derived from
these number using the expression B.18. This is illustrated in Figure B.2.

B.4 Systematics in the counts

Systematics in the counts from the fields are from confusing objects such as blends between
an distant background object and a foreground one. The visual check was performed to
remove objects that confused the automatic algorithm.

B.4.1 Confusion in synthetic and science fields.

Real and synthetic galaxies are selected in a slightly different manner: the candidates in the
real data are included after a visual inspection. The candidates in the simulations are included
after an anti-correlation with the real data candidates. This opens up the possibility for a bias
towards higher opacities as a human observer might throw more objects away.
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Figure B.2: An illustration of the opacity and its uncertainty determination of the Synthetic
Field Method. The opacity is found from the relation between synthetic galaxies and dimming
(curve) and the actual number of distant galaxies found in the science field (horizontal solid
line). The uncertainty in the relation of synthetic galaxies is just the measurement error
(dashed curves). The uncertainty in the number of galaxies from the science field is both the
measurement error and an extra clustering component (dashed horizontal lines). The shaded
area denotes the uncertainty in the determination of the opacity (∆A).
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To qualify this observer bias, we performed the visual inspection on the candidate objects
- real and simulated field galaxies and contamination - in the simulations with no opacity for
NGC1365 and NGC4536. We then compared the number of HDF galaxies thrown away by
the observer compared to the total number of HDF field galaxies. Subsequently, we compared
this ratio for the different regions in each galaxy (crowded, arm, inter-arm, outer-arm). Not
surprisingly, the rejection rate was near 100% for the crowded regions. The arm region rate
was however also very high; 56%. Inter- and outer-arm regions were not very affected by
this effect with 19% and 0% respectively of the simulated galaxies rejected by the human
observer.

The simulated number in each region can therefore be corrected for the number of galax-
ies the visual inspection would have rejected or the number of field galaxies in the real data
can be corrected for over-rejection in the visual step.

B.4.2 Crowding

Crowding effectively reducees the area in which background objects can be identified. If a
sufficient number of foreground objects can be seen in the image, no distant galaxies can
be identified even if not dust would be present. As a result, the relation between dimming
of the synthetic fields and the number of retrieved synthetic background objects changes for
each field with the unique crowding characteristics. To characterize the relation we use this
(equation 3 in chapter2):

AI = −2.5 C log

(
N

N0

)
(B.18)

in which the parameter C is closely related to the crowding in the field. By using a series
of simulations for each new science field, the parameter C and hence the effects of crowding
are determined for each science field or subsection thereof (See also Chapter 7).

B.5 How average is the HDF?

By using the HDF fields as artificial background, the assumption is that it is a good represent-
ation of the average background field behind a foreground galaxy. To see how representative
of the average these fields are, we compare the numbers of field galaxies we found per mag-
nitude per solid angle for both the HDF-N, HDF-S and the average of the two to the average
numbers found by different authors for different surveys in the I band (F814W) (a summary
of these observations is in Table B.1).

Different number-magnitude relations were obtained from Casertano et al. (1995); Driver
et al. (1995a,b); Abraham et al. (1996); Glazebrook et al. (1995); Roche et al. (1997); Cabanac
et al. (2000) for comparison with the numbers of field galaxies identified by our algorithm
in the Hubble Deep Field South. Figure B.3 shows the numbers found by different authors,
most of them using random HST fields from the Medium Deep Survey. The number of
identifications by our algorithm in both the HDF north and south, as well as their average, are
given as points.

Looking closely at Figure B.3, we can see that the numbers from Casertano et al. (1995)
are slightly higher than the others. This is probably because these results were obtained from
pre-refurbished WF/PC data with the blurry PSF. The others all use WFPC2 data with the
exception of Cabanac et al. (2000) who use a large ground-based field made with the CFHT.
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Figure B.3: The numbers of field galaxies per magnitude per square arcminute from several
authors. All counts were in the I band (F814W). The HDF points are the average of all our
counts for HDF-N and HDS-S. Triangles and squares are our average counts for HDF-N and
HDF-S respectively. The dashed lines are from single deep WFPC2 exposures (Driver et al.
1995b; Abraham et al. 1996), the solid lines from multiple exposures (Casertano et al. 1995;
Glazebrook et al. 1995; Driver et al. 1995a; Abraham et al. 1996; Roche et al. 1997).

The turnover due to incompleteness in Cabanac et al. (2000) is approximately at 22.5-23
magnitude, in part due to inaccurate star/galaxy separation at these magnitudes.

The numbers for the HDF-N from Abraham et al. (1996) agree very well with ours. In
Figure B.3, the numbers from Abraham et al. (1996) seem to be close to those of the HDF-
N. Similarly the single deep WFPC2 field of Driver et al. (1995b) follows the same trend.
The best match between our average of HDF north and south is the numbers by Roche et al.
(1997). They were obtained from 10 random WFPC2 fields which is encouraging if the
HDF-N/S average is taken to represent an average for random fields of background galaxies.

The completeness limit of our identifications probably lies around 24 magnitude for the
Hubble Deep Field unobscured by a foreground galaxy. This limit is rarely reached in sim-
ulated fields. The difference in completeness limit for our identifications and those of Abra-
ham et al. (1996) and Driver et al. (1995b) can be explained by the fact that our algorithm is
tuned to remove foreground contamination, driving down the limiting depth. Cabanac et al.
(2000) present a cumulative 2p correlation function based on these numbers which we used
to compute the uncertainty in background field in our numbers. It should be noted that we
extrapolated their values for the 2p-correlation function to the limiting depth of 24 for our
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Table B.1: Publications for comparison.
Author Instrument Number of fields Solid angle
Casertano et al. (1995) WF/PC 112 0.192 deg 2

Glazebrook et al. (1995) WFPC2 13 51.3 arcmin2

Driver et al. (1995a) WFPC2 6 30.4 arcmin2

Driver et al. (1995b) WFPC2 1 5.1 arcmin2

Abraham et al. (1996) WFPC2 1 (HDF) 5.1 arcmin2

Abraham et al. (1996) WFPC2 21 5.1 arcmin2

Cabanac et al. (2000) CFHT 4 0.68 deg2

identifications. This extrapolation is shown in Figure B.1.
Williams et al. (1996) state that the HDF-N was selected to be unremarkable in source

counts. Williams et al. (2000) note that for the HDF-S observing strategy was to center the
STIS on a QSO but that the source count in the WFPC2 was unlikely to be affected by that.
Casertano et al. (2000) point out that HDF-S was constructed such that the field was very
similar to HDF-N.

From the similarity of the averages of HDF-N/S identified by our algorithm and the pre-
vious studies, one can infer that the HDF is indeed a good representation of the average
randomly picked background field, at least up to our effective limiting depth for identifica-
tion. The addition of the HDF-S to this average is of great value as the HDF-N is slightly
overdense for the fainter galaxies.

Other deep fields have recently been added to the Hubble archives, such as the Hubble
Ultra Deep Field and the Great Observatories Origins Deep Survey (GOODS). These can
undoubtedly serve as reference fields for future application of the SFM.

B.6 Galactic extinction
The extinction by dust in our Galaxy can also influence counts of galaxies. Based on the
numbers of Shane and Wirtanen (1967), several authors produced extinction maps of our own
Milkey Way. These were later surpassed by the extinction map based on COBE and IRAS
observations by Schlegel et al. (1998) with the color relation based on distant galaxies. We use
this later map to estimate the difference between the Galactic extinction towards the reference
fields and the target foreground galaxy. If this difference is substantial, it could influence the
opacity measurement. In Figure B.4, the difference between the Galactic extinction for each
foreground galaxy and the HDF fields is plotted. Note how NGC6946 is the one true outlier
with a level of Galactic extinction measurably different for the individual WFPC2 fields using
the SFM.
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Figure B.4: The difference in Galactic extinction between the foreground galaxy pointing
and the Hubble Deep Field North (squares) or Hubble Deep Field South (triangles). As the
average of the two is used as a reference field, the majority of our galaxies do not need any
correction for Galactic extinction.



C
Synthetic Dust Models

The dust dimming used in the synthetic fields in this thesis assume a grey uniform screen.
The numbers of distant galaxies in any given field can then be modelled as:

A = −2.5CLog

(
N

N0

)
(C.1)

in which C and N0 depend on field characteristics, not on the properties of the dust screen.
This was the approach of González et al. (1998) and since they could not find much difference
in using as Galactic Extinction Law or a completely grey one, the grey extinction law was
used from the outset in this thesis. However, the lack of an inclination dependence and the
constant colour of the background galaxies indicated that the dust was distributed in clumps.

To model the disk of a foreground galaxy, this is a very simplistic approach but a uniform
screen and a field of opaque clumps have the same average effect on background light. This
is the limiting case in Natta and Panagia (1984) for a clumpy distribution and the average
optical depth of the field is then:

τ = −ln(1 − f) (C.2)

in which f is the filling factor of the clouds in the field. The filling factor is the sum of the
cross sections of the clouds in the field, or the product of their number and their average
cross-section:

f =
ΣN

i ai

Ω
=

N × ā

Ω
(C.3)

where Ω is the solid angle for which the average extinction is made.
It is immediately obvious that for a given filling factor, one could be looking at a range

of possibilities for the number of clouds and their average cross section. As long as their
effect on the numbers of distant galaxies stays the same as the uniform grey screen. To test
this assumption, simulations can be made using some distribution of dark clouds equivalent
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in average opacity as the grey screen used so far. In fact the grey screen itself is an extreme
of this model: there are very many clouds but their cross-sections are much smaller than the
pixelsize in the field.

There is one problem with combining the counts of many fields of different galaxies. The
apparent cloud sizes in these disk may vary strongly due to different distances. Therefore the
best field to test the effects of clumpy dust is an uniform one of a single galaxy.

Figure C.2 shows the profiles of synthetic fields of NGC1365 made with different cloud
cross sections. Of course there is a distribution of cloud sizes but from equation C.2, one can
approximate the effect by using N clouds of the average size. Cloud cross-section radii of
0.5, 1, 2, 25 and 100 pixels are used.

In Figures C.1 and C.2 the relation between average opacity of the fields and the number
of synthetic galaxies identified changes with the cloud size used in the clumpy simulations.
The simulations using a cloud size of 0.5 or 1 pixel mimic the uniform screen well. However,
larger clouds of dust display a much shallower relation between number of synthetic galaxies
and opacity.

At the distance of NGC 1365, the example data in the above plots, the linear scale of a
pixel in the disk is about 4 pc. (D = 17.95 Mpc., pixelscale = 0 ′′.05). From observations of
our own Galaxy, we know that this is a reasonable cloud size.

The discrepancy between cloud size models can be interpreted in two ways. Either the
dust is indeed predominantly clumped in very small clouds. In this case the assumption
of a smooth screen in the construction of the synthetic fields is fine. Or one assumes that
large cloud complexes are predominantly filling the image and opacity values are grossly
underestimated by the number of galaxies or there is a structural discrepancy between the
counts in the science fields and the synthetic fields.

However, the opacities from counts of distant galaxies correspond very well to the values
found with the occulting galaxy method. This does point to a clumpy distribution of small
clouds as the predominant culprit for the opacity of the spiral disk.

Much more realistic clumpy simulations can of course be made using a certain dust cloud
size distribution and not one single cloud size. This can more easily be done for a single
disk at one fixed distance, not a composite of several disk at varying distances. For now, the
smooth screen is a good model for the effects of the dust clouds on the numbers of distant
galaxies.
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Figure C.1: The fits to the number of synthetic distant galaxies from simulations using dif-
ferent cloud sizes and a smooth screen (points). These are the simulations for NGC 1365, the
Wide Field no. 2 chip. The simulations using very small clouds (0.5 and 1 pixel radii) are
very similar to the smooth screen while the bigger cloud screens show much more shalllow
relation between number of galaxies and average opacity.
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Figure C.2: Same as in Figure C.1 but for the Wide Field no. 3 chip. The same effect is
present under different crowding conditions.


