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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



GALACTIC EXTINCTION 207

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.


