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ABSTRACT

Galaxy clusters provide the means to measure different astrophysicatipsoper
Accurate measurement of the redshifts of these galaxy clusters is impotteage
studies. There are two different ways to measure redshift — spectrosutghidtrand
photometric redshift. Spectroscopic redshift is more accurate than photoedsthdtr
but it is also more time-consuming to measure. If one is going to measure the
photometric redshift of galaxy clusters, it is important to know how accurate those
measurements are.

| examined a catalog of 28,000 galaxy clusters from Sloan Digital Sky Survey
(SDSS) data. Their photometric redshift had been calculated by Dr. JamesaAnnis,
scientist at Fermi National Laboratory who works on SDSS. Using two different
techniques, | extracted the spectroscopic redshift of each cluster from SIS onl
databases. | then compared the photometric redshifts and spectroscopic redgkifts of t
clusters, to measure how accurate the photometric redshifts were.

| examined what factors affect the accuracy of photometric redshift. | cedhpar
the accuracy of photometric redshift with the redshift of the cluster and witlurhigen
of galaxies in the cluster. | found that at any redshift, all clusters with 20 or more
galaxies have a dispersion of less than 0.02, which is considered a small amount of error,

small enough to use measurements of photometric redshift.
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CHAPTER ONE

INTRODUCTION

Galaxy clusters are important to science because they can be used as tools to
probe many different aspects of our universe. For example, it was by measuring the
rotation curves of galaxy clusters that dark matter was discovered. Theywefoci
galaxies on the outside of a cluster was such that, if there was not more massidhat c
not be detected visually, those galaxies should not be held gravitationally ingtes.c
This was the first indicator that there must be more matter in the universé, sehiar
can only be detected gravitationally.

Another example of the importance of galaxy clusters is their use in the Dark
Energy Survey (DES). Set to begin in 2009, DES will mount a new CCD camec call
the DECam to the Blanco telescope at the Cerro Tololo Inter-American @tusgm
Chile and will survey 5,000 square degrees of the sky. DES will measure dark energy
and dark matter densities using four independent techniques. The first technique relies on
the observation of galaxy clusters because their formation is almost soletgldepen
the gravitational dynamics of dark matter. By making optical measurememistefs,
including finding their photometric redshift, DES can find the mass of the clustach
Is useful because the mass of clusters is affected by the cosmology of theeunivers

both growth density perturbations and the evolution of the volume element. In the
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second technique, the weak lensing of galaxies will be measured as a function of
photometric redshift, thereby providing another measure of cluster mass. The third
technique will measure the angular clustering of galaxies in shells of photom#shdtre

out to redshifts of approximately 1.1. The fourth technique will examine the light curves
(plots of light intensity as a function of time) of supernovae in a range of 0.3 < redshift <
0.75.

Because three of the four techniques used to probe the nature of dark energy rely
on the measurement of photometric redshift, it is clear that photometric resisimift
important quantity in cosmology. The accuracy of the photometric redshift of galaxy
clusters is something that must be known if astrophysicists are to feel confitieit
measurements. The question is to how best estimate the accuracy of photometric
redshift.

To see how accurate the photometric redshift of an object is, it must be compared
to the object’s spectroscopic redshift. Spectroscopic redshift is a moretaccura
measurement of redshift than photometric redshift is, but it is also more diffircult
time-consuming to measure. Spectroscopic redshifts are obtained by measuring the
spectral lines from an object. The peaks at certain frequencies represzantiff
elements that are burning in the object. Because the location of peaks for different
elements are known, redshift is found by measuring how far the peaks are shifted from
where they are at zero redshift.

Photometric redshifts are obtained by observing the brightness of an object in

different color bands, which are created by using filters that only allow acentae of
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frequencies to come through. The brightness of the object in each color band is then
compared to what the brightness for that color band is theoretically, at zero redshift

The reason that spectroscopic redshift is more accurate than photometric redshift
is also the reason that it is more time-consuming to measure. In the measuring of
spectroscopic redshift, small wavelength bins (of only a couple angstroms) are used, so
long integration times are required to get a sufficiently high signal-to-noiedaagach
bin. In the measuring of photometric redshift, larger bins (thousands of angstroms) are
used, so the integration times are shorter, but accuracy is sacrificed.

The goal of my research was to examine the accuracy of photometric redshift and
the relationship of its accuracy to the number of galaxies in a cluster and to the cédshif

the cluster.



CHAPTER TWO

DATA

| analyzed all data in a catalog of 28,000 galaxy clusters obtained from imaging
data from the Sloan Digital Sky Survey (SDSS). SDSS (York et al. 2000) usékédige
(Fukugita et al. 1996) to imagesteradians of the sky. These filters allow light with
ranges of frequency in the ultraviolet (u) (3435 angstroms), green (g) (4770 angstroms),
red (r) (6231 angstrom), near infrared (i) (7625 angstrom), and infrared (z) (9134
angstrom) sections of the spectrum. The imaging is done using a CCD mosaic in drift-
scanning mode (a technigue that uses the rotation of the earth to scan the sky) (Gunn et
al. 1998) at a 2.5 meter telescope in Apache Point, New Mexico. Two double-
spectrographs are mounted on the telescope. After being processed (Lupton et al. 2001,
Stoughton et al. 2002, Pier et al. 2003,) and calibrated (Hogg et al. 2001, Smith et al.
2002, Ivezic et al. 2004) the images are selected for spectroscopy (EisendteQGt,a
Richards et al. 2002, Strauss et al. 2002) using an algorithm that ensures highlyecomple
spectroscopic samples (Blanton et al. 2003). The catalog used for this paper intluded a
galaxy clusters with photometric redshit®.5 and number of galaxies in a clus€tO.

The catalog was provided by Dr. James Annis, a scientist at Fermi Nlationa
Laboratory who works on SDSS, and it included data for each cluster including right
ascension (RA) of the brightest cluster galaxy (BCG), declination (dec) ofize B

number of galaxies in a clusterfy, and photometric redshift. The photometric
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redshift was found by Dr. Annis using an algorithm based on the assumption that the
photometric redshift of the BCG of each cluster is the photometric redshift aftifee e
cluster. This assumption is reasonable, as shown by Oegerle and Hill (2001). In their
examination of 23 galaxy clusters, they found that the redshift of the BCG in each cluste
was the same as the redshift of the entire cluster in 19 of the 23 clusters.

To determine how accurate the photometric redshift of each cluster was, |
compared each one’s photometric redshift with its spectroscopic redshift.s This i
reasonable, as the error in spectroscopic redshift is negligibly small, on theforde
0.0001 redshift. To obtain the spectroscopic redshift of each cluster, it had to be
extracted from SDSS data online. On the SDSS website, there is a portion evititled “
Database” (MyDB), where any user can log in, upload tables of their own, and download
SDSS data.

Each object in SDSS has its own unique ObjectID. The ObjectID of an object is
used to extract data about the object, such as its spectroscopic redshift {# there
spectroscopic data available for the object). The catalog | was given did not doatain t
SDSS ObijectlID for the BCGs of the clusters. To obtain the ObjectID, a funatled c
“Neighbors Search” was used. “Neighbors Search” is a button available for usehon e
table of data uploaded to “My Database” which finds objects with a certain radius of a
given RA and dec. The objects found by “Neighbors Search” will have a number called a
Matched_ID associated with them, which is the same as that object’s Obje&IISS

tables.
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At this point, the technique diverges into two paths. | used two different methods
of determining the spectroscopic redshift of each cluster so as to compare them and se
which one of the photometric redshifts deviated from more. For the first method (the
BCG method), a Neighbors Search was done in a 5 arc-second radius around the RA and
dec of each cluster. This was done so that SDSS would select only the BCG of the
cluster, the same object that the RA and dec from the catalog marked. The 5 alfc-secon
spread was there in case the RA and dec measured in the catalog did not match the exa
RA and dec found in the latest SDSS data run. In this way, the SDSS ObjectID was
determined for the BCG of each galaxy cluster.

To find the spectroscopic redshift of the BCG from “My Database,” a query using
Standard Query Language (SQL) was performed. | learned the basics of SQL & do thi
the language uses the commands “Select, “Into,” “From,” and “Join.” In my case,
“SELECT n.ra,n.dec,n.pz,nghkSp.z,sp.specclass,sp.objID” indicates | want the RA, dec,
and photometric redshift from a table called “n” (which is the table createttire
Neighbors Search done on the MaxBCG catalog) and spectroscopic redshift] spectra
class and ObjectID from a table called “sp” (a table of SDSS objects tleat ha
spectroscopic data associated with them). “INTO mydb.spec_z from
mydb.neigh_z grt 0 2 1 as n” shows that the data selected will be put into a new table
called spec_z and renames the table of data from the Neighbors Search “mi gfmitgi
in the “Select” command). “Inner join SpecPhoto as sp on n.matched_ID=sp.objid”
shows that the SDSS table “SpecPhoto” will be called “sp” for simplicity, aoith a/ps

done between the catalog and the SDSS data. A join looks for matches in two tables of
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data from specified headings (in this case, matched_ID and objid). This is done so that
objects found in the Neighbors Search (in this case, the BCG'\s) will be matcipedlyr
with their SDSS data. An inner join means only objects matched between both tables.
This way the information | want to extract (given in the “Select” command) onteso

from objects that have spectroscopic data associated with them.

In this first method for obtaining spectroscopic redshift, my SQL query returned
approximately 6,000 objects. In the second method (the cluster members method),
instead of assuming that the spectroscopic redshift of the BCG is that for the enti
cluster, the spectroscopic redshifts of individual galaxies in the clustefouge and
then averaged. The original catalog was broken into three pieces — one piece for all
clusters with photometric redshifts lower than 0.1, one for all clusters with phtatome
redshifts between 0.1 and 0.2, and one for all clusters with photometric redshifts larger
than 0.2. Neighbors Searches with radii of 12, 6, and 5 arc-minutes, respectively, were
then done on the data to get the ObjectID of each object within the galaxy cluster. The
reason three different groups were created is that, though the size of eacltigalaxy
can be assumed to be roughly the same, the distance across a cluster in arc-minutes
decreases with increasing distance from us.

Using the ObjectID of each cluster in an SQL query, a join was done on the
catalog and the SDSS data to find the spectroscopic redshift, as was done in the BCG
method. This method inevitably included objects in the Neighbors Search that were not
in the galaxy cluster but happened to lie in the same RA and dec of the cluster. To filter

out these noncluster members, several steps were taken. First, all oltfeats w



8

SpecClass of 0 or 1 were omitted. SpecClass is a SDSS notation indicatipgcthal s
class (what type — star, galaxy, etc.) of an object. The classes 0 and 1 are
unknown and stars, respectively, and so were eliminated. Second, the residuals — the
difference between the photometric redshift and the spectroscopic redshaft thef
objects were found. All objects with residuals greater than 0.1 were eliminated.

After these steps were taken, all objects associated with the sameIchalstieeir
spectroscopic redshifts averaged together, so that the spectroscopic redsduith for e
cluster was an average of the spectroscopic redshift of each galaxy in the dibhger

resulted in approximately 10,000 objects.



CHAPTER THREE

RESULTS

For both the BCG data and the cluster member data, plots were made of the
fraction of the original data with spectroscopic redshift in bins of 0.01 photometric
redshift. This can be seen in Figure 1. The cluster member data method provided a
larger proportion of data with spectroscopic redshift. The reason the amountwitkdata
spectroscopic redshift is never 100% is most likely caused because the originadslata
gathered from an area of sky where spectroscopic data had not been completely gathered.
By plotting RA vs. dec of the original data and RA vs. dec of the data with spectmscopi
redshift, one can see that the spectroscopic redshift does not cover theesanlha

was done with the cluster member data and can be seen in Figure 2.
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Figure 1 Fraction of objects with spectroscopic data verage photometric redshift. Red triangles are
from data obtained using the BCG method, and Lhates are from data obtained using the cluster
members method.
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Figure 2 Declination vs. right ascension. This shows tlea ®f the sky covered by the (red dots)
MaxBCG data and the area of the sky with (blue)dgigctroscopic data.

The residuals of the BCG data were then found and grouped in bins of 0.025
photometric redshift. A histogram was done of each bin. The histograms show that the
residuals have a Gaussian distribution. The bias and the dispersion of the Gaatsian th
best fit the data was found. The Gaussian distribution of the residuals wasimhport
because then characteristics of the Gaussian curve that fit the histogitaas sies and
dispersion, can be used to analyze the data. An example of one of the histograms can be

seen in Figure 3.
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Figure 3 Histogram of the residuals. A bin of 0.175 < pmaétric redshift < 0.2, compared to a Gaussian
distribution.

By plotting the bias of the bins of residuals as a function of the average
photometric redshift of each bin, a relationship between bias and redshift could be found.
This plot can be seen in Figure 4. The error bars were found for each measurement of the
bias, with a confidence limit of 90%. A second-order polynomial function was fit to the

data, with a best fit of = 0.56¢ -0.246¢ + 0.018.
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Figure 4 Bias of residuals vs. average photometric redsHifte function that best fits this plot is

y = 0.56¢ -0.246¢ + 0.018.

To determine if the equation was a good fit to the datgytbethe fit was then
found. ¥ is the square of the deviation of a sample from its population mean divided by
the population variance, where the population has a Gaussian distribution. In this
example, the® was computed using the formyfa= (1N)Z{[(0.56x7 -0.246 + 0.018)-
yil/ &7, whereN is the number of data points in the samglandy; are theth points, and

g is the dispersion at that point.
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The x* was used by comparing its value to the corresponding linjfinglue on
a X’ table. The limiting value is based on the number of degrees of freedoxf of a
(which in this case was 17) and is different depending on what significance level is
chosen (I chose a significance level of 90%). Af & larger than the limiting value, then
that indicates that there is a strong correlation between the data. Becgyderthiee fit
was 0.717, and the limiting value is 10.085, the fit was considered a good one.

Using the equation from above, the bias was calculated for every object by
entering in each object’'s photometric redshift. Once the bias was known for each
redshift, it could then be subtracted off, moving the value of the photometric redshift
closer to the value of the spectroscopic redshift.

Before making this correction, however, it was necessary to make sure this plot
will look the same when at both low and high mass. The low mass group was made up of
all clusters with 1& Ngas< 20. The high mass group was made up of all clusters with
Ngais= 20. When fitting the data from the plot of bias vs. photometric redshift fer 10
Ngais < 20 (Figure 5) to the equation fitting the data in Figure 2)Aie4.99. When
fitting the data from the plot of bias vs. photometric redshift fais & 20 (Figure 6) to
the equation fitting the data in Figure 4, jffdés 0.72. Thesg” values show that the
equation fit to the data for ally=> 10 fits the data in the separate plots of high and low
Ngais It can also be seen by eye that the plots are the same as the plot madgfer all N

Therefore, this equation can be considered a good fit and can be used.
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Figure5 Bias vs. average photometric redshift for<INg.s < 20. The quadratic equation that best fits this
data isy = 0.572 -0.25X + 0.018.
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Figure 6 Bias vs. average photometric redshift for 20. The quadratic equation that best fits this.da
isy = 0.752%-0.29% + 0.024.
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| examined the change produced by correcting the bias of the photometric
redshift. The sum of the absolute value of the residuals, divided by the number of
residuals, was calculated for both the original and corrected residuals. Tégeavem
the original residuals was 0.01753. The average from the corrected residuals was
0.017069. | saw that this was not a big effect, so | did not remove the bias from the data
gathered using the cluster members technique.

| then examined the relationship between dispersion and photometric redshift.
For both the BCG data and the cluster members data, the data was sorted into two groups:
low mass and high mass. The low mass group haoNis < 20, and the high mass
group had Nys= 20. For each group, the residuals were again put in bins of 0.025
photometric redshift, and the dispersion of each bin was found from the Gaussian best fit
to a histogram of the data. For each group, a plot of dispersion vs. average photometric
redshift of each bin was done, with error bars with a confidence limit of 90%. The low
mass plot can be seen in Figure 7, and the high mass plot can be seen in Figure 8.

A linear relationship between dispersion and photometric redshift can be seen in
all plots, except for the cluster members data in the low mass plot (Figure 7)s This i
perhaps because the radius used in the Neighbors Search was too large femvathster
low Ngais— Since the smaller §Ns the smaller the cluster size. Because of this, more
things that were not cluster members were included into the data. Becauseaifdbg is
of the universe, all galaxy clusters anywhere in the sky should have the same amount of
background objects included. The plateau that is seen in Figure 7 is a result of the

inclusion of these noncluster members.
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Figure 7 Dispersion vs. average photometric redshift foe M).s< 20. Blue circles are cluster members
technique, red triangles are BCG technique. Bekné to the BCG technique is= 0.081& + 0.00713.
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Figure 8 Dispersion vs. average photometric redshift fgg/ 20. Red triangles are cluster

members data, blue circles are BCG data. Begtdifor BCG data iy = 0.065% + 0.00372. Best fit line
for cluster members datayis= 0.079& + 0.0034.

The linear relationship that occurs overall is somewhat of a surprise, &s it w
originally thought that the dispersion would remain constant for all redshifts. The
increase in dispersion as redshift increases is perhaps caused by the fagdleatya
clusters get farther away, it is harder to determine what objects are reghtiee cluster
and what objects are not. However, a dispersion of less than 0.1 is considered good for
redshifts (Brodwin et al. 1999), and even at a redshift of 0.5, the dispersion is still only
0.04.

In Figure 7, there is a small peak at approximately redshift of 0.3 in the data from
the BCG technique. To examine the peak more closely, the data from photometric

redshift of 0.25 — 0.35 was broken into smaller bins, and the dispersion of each bin was
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plotted against the median photometric redshift of each bin. This can be seen in Figure 9,

where it is clear that the peak occurs directly before and after photomestiftref 0.3.

Dispersion vs. Avg. Photometric Redshift
10 < Ngals <20

0.07 0.25 < Photometric Redshift < 0.35
¥ T

0.06 l

Dispersion

0.25 0.3 0 .35

Avg. Photometric R eds hift
Figure9 Zoomed-in look at peak near photometric redshBt3: Shown in Figure 4.

This peak is most likely caused by the accidental inclusion in the data of a couple
of objects that are not the BCGs of galaxy clusters but are actually quasars or st
some other sort of object. For example, at photometric redshift 0.294, there is a quasar
with spectroscopic redshift of 0.795, which gives that object a residual much larger than
that of any other normal object. There are a couple of objects like this sprinkled
throughout the middle of the catalog (0.1-0.2), but they have a larger effect when they are
located by 0.3 because there are far fewer objects at that redshift, so tbeer i®f
balance the mistakes out. The accidental inclusion of points like this is whatigperre

data cuts used in the averaging technique described above.
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Now | looked at the relationship between the number of galaxies in a cluster and
the accuracy of the photometric redshift of that cluster. The residuals for both gfoups
data were then rearranged into bins gfiN The dispersion was found from the
histograms of these bins, and a plot of dispersion ysWas made, using the average
Ngais in €ach bin.

The data showed that dispersion as a functionygf Went approximately like
C/\/(Nga|3). Plots of dispersion vs.¢hwere made for both all photometric redshifts and
photometric redshifts in the range 0.1 to 0.2, where | expected the photometric redshift to
be very well behaved. Figure 10 shows both sets of data for all photometric redshifts
with the exponent of the best fit line constrained to —0.5. The equation that best fits the
BCG data isy = 0.085% >, with a¥* of 1.003, and the equation that best fits the cluster
member data ig = 0.11%%° with a * of 3.51. Figure 11 shows the data for 0.1 <
photometric redshift < 0.2. The equation that best fits the BCG data in Figure 11 is
y = .06¢%°, with a ¥ of 7.62844, and the equation that best fits the cluster member data is
y = 0.0%°, with ay? of 0.497.

When the exponent is not constrained to —0.5, the best fit equation for the BCG
data isy = 0.0876°**" and they? is 0.93721, and the best fit equation for the cluster
member data ig = 0.2604 "***and they* is 0.26121, shown in Figure 12. For the
segment of data in the range 0.1 < photometric redshift < 0.2, the equation for the best fit
line of the BCG data ig = 0.035%%?°and they’ is 0.559, and the equation for the best
fit line of the cluster member datayis 0.072%-0.4524 and thg” is 0.48669, shown in

Figure 13.
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Figure 10 Dispersion vs. jsfor all photometric redshift. Red triangles ahester members data, blue
circles are BCG data. The equation that bestH#sBCG data iy = 0.0855%°° and the equation that best
fits the cluster members datayis 0.11%°>.
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Figure 11 Dispersion vs. Qs 0.1 < photometric redshift < 0.2. Red triangies cluster member data,
blue circles are BCG data. The equation that lissthie BCG data in Figure 9 is y = .08% and the
equation that best fits the cluster member daya=i®.09x"°.
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redshift < 0.2. Red triangles are cluster membda,blue circles are BCG data. The equationhferbiest
fit line of the BCG data ig = 0.035%*"*®and the equation for the best fit line of the lusnember data
isy = 0.072%°%4%



CHAPTER FOUR

CONCLUSION

| found that no more than 50% of galaxies used in the MaxBCG catalog had
spectroscopic data associated with them.

| found that the relationship between the bias of the residuals and the photometric
redshift of the clusters is roughly quadratic, but that it does not have a largeefteet
average size of the residuals. Therefore correcting for the bias is not necessa

| found that of the two methods to determine spectroscopic redshift, the BCG
technique yields smaller differences between the spectroscopic redshifeand t
photometric redshift.

The coefficient of the dispersiorgl\; relationship is small (less than or equal to
0.01). The relationship between dispersion agg tbes approximately like @Nga).

The increase in errors (dispersion) of photometric redshift goes approximately
like y = 0.081& + 0.00713 for photometric redshift€0.5 for 10< Ngas < 20 and like
y = 0.065% + 0.00372 for Ngals 20 when using the BCG technique to get the
spectroscopic redshift. Using that equation, one expects that at a photometrft sédshi
0.5, the dispersion is approximately 0.04, which corresponds with the data.

These results show that, if calibration is not a limiting factor, for a Coma mass

cluster (a large galaxy cluster, with perhagssN 75) the limit of the photometric
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redshift of the cluster is about 0.0035, which is remarkably small. A redshift of 0.0035 is
about 1000 km/sec, which is on the scale of the redshifts of individual galaxies within a

cluster.
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