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Abstract

The inspiring works of Strateva et al. (2001; SO1 hereafter) have prompted us to revisit the
color-magnitude distribution of galaxies in redshift space. Based on photometric data of the Sloan
Digital Sky Survey (SDSS), SO1 for the first time robustly discriminated between two independent
galaxy populations, which appear bluer and redder in the u*-r* color, respectively. The major
advantage of this work is to further utilize the lately released SDSS spectroscopic survey data. The
accurately measured spectroscopic redshifts (z) enable us to recover restframe color for individual
galaxies via K-correction, and remove distance modulus from the K-corrected magnitudes.
Therefore, we can clarify the redshift evolution of these two galaxy populations, unambiguously.
We found that the effects of doppler redshift and a instrinsic relation between galaxies’ color and
luminosity are both prominent for the r*<17.77 samples in between 0<z<0.3. From these specific
samples, we do not find redshift evolution in color space, for both galaxy populations. We address
the difference between our samples and those used in SO1, and discuss the potential bias in our

analysis.
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Abstract

We revisited the previously hypothesized time-evolution of galaxies’
color in the redshift ranges from 0 to 0.3, using the spectroscopic data from
Sloan Digital Sky Survey (SDSS). Our samples reveal two distinct
populations of galaxies, which are bluer and redder in color, and have blue-
skewed and red-skewed color distribution functions towards the larger
apparent magnitudes, respectively. This blue-skewed color distribution of
the blue population galaxies (BPGs) was attributed to the more active star-
formation at higher redshift in a previous study.

Surprisingly, by directly plotting galaxies’ color versus redshift, we did
not find any evidence of evolution of color over cosmic time. Our hypothesis
to resolve this apparent paradox is that the distributions of galaxy in the
color-apparent magnitude diagram are subject to the intrinsic color-
luminosity relations of galaxies. Indeed, after removing the distance
modulus and the redshift effects in color, we found that our galaxy samples
at all redshifts approximately follow the same trends of being bluer at the
fainter end.

In conclusion, we have identified two dominant competing
mechanisms which affect the observed galaxy distributions in the color-
apparent magnitude diagram: (1) distance modulus and redshift, and (2) the
intrinsic color-luminosity relations of galaxies. For the red population
galaxies (RPGs), the former mechanism has a more prominent effect, which
leads to the red-skewed distribution. On the other hand, the effect of the
intrinsic color-luminosity relations may be more prominent for BPGs, whose

fainter part is dominated by the low-redshift faint and blue galaxies.
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I. Introduction

In the homogeneously and isotropically expanding universe, the
observed light emitted from a distant source is redshifted and has a long
travel time. A spectroscopic and photometric survey of galaxies covering a
broad range of redshift provides us an opportunity to trace the evolution of
galaxies.

To investigate one of the biggest puzzle in astronomy, how spirals
evolve into an elliptical, we first read the previous work, Strateva et al.
(2001), who claimed to observe galaxy evolution. Based on -earlier
photometric surveys, they resolved galaxies into distinct red population
(most ellipticals; red and bright) and blue population (most spirals; blue and
faint), showing the red-skewed and blue skewed, respectively (FIG. 1). They
deduced the magnitude for the higher redshift and concluded the blue
population shifts to the blue side because of the more active star formation
with the higher redshift.

Based on the newly released redshift data, we took the step forward to
investigate the galaxy color, redshift and magnitude. Instead of galaxy

evolution, we found the different results and made our own conclusions.

Low

Blue population ~ Red population

redshift Bright o |

£\

High Darlz
redshift

Blue Red

FIG. 1 Photometric color-mag diagram from Strateva et al. (2001)
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I1. Scientific Questions

Does the blue population evolve into the red population with
increasing redshift?

What caused the inclinations in color-magnitude diagram? Star
formation? Galaxy evolution? Or others?

Are the existing definitions of the separator between red and blue
population reliable? Could we find a more accurate separator of our

own?

I11.Data and Methodology

A. Collecting Galaxy Samples
Data Base: Sloan Digital Sky Survey (SDSS)
SDSS is a photometric and spectroscopic survey covering ~10* deg?
on the sky which has yielded 573,684 spectra of galaxies brighter than
r*#~17.77. It has five available color filters, namely Sloan-u (35504 ),
g (4770 A), r (6230A),1(7620A ), z (9130A ) (FIG. 1). In this
manuscript, u*, g*, r* represent the apparent magnitude measured
from each band (i.e. -2.5 log10 FA + constant, where FA is the flux

observed at the particular wavelength ).

Observational Data Sets

1) Choosing measurements:
We based the measurements of magnitude on g band for the sake
of reliability. According to the technical summary of SDSS [3], g
band is the most sensitive band among all available filters. In
addition, galaxy color can be nicely diagnosed by comparing the
observed flux from SDSS u and r filters (e.g. FIG. 2). We chose
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2)

u*-r* index as the color indicator, which is the most sensitive to

the color distribution of the blue and red galaxies.

FIG. 2 The response functions of SDSS u, g, r,
i, and z filters (and GALEX FUV and NUV
filters), over-plotted with the spectral energy
distribution of blue and red galaxies. (NASA
GODDARD SPACE FLIGHT CENTER) [4]

Obtaining data using Structured Query Language (SQL):
We have written a SQL program to systematically download the
spectra (TAB. 1).

Where

photoobjall.u> 0 and
photoobjall.g> 0 and
photoobjall.r> 0 and
photoobjall.g < 21 and

Select top 1,000,000
specobj.z as z,
photoobjall.u as u,
photoobjall.g as g,
photoobjall.rasr,

photoobijall.type as type,
photoobijall.ra as ra,

photoobjall.dec as dec

photoobjall.u - photoobjall.r as "u-r",
zWarning as Zwarning

From

specobj, photoobjall

photoobjall.r <17.77 and
photoobjall.type = 3 and

zWarning =0

specobj.specClass = 2 and
specobj.bestobjid = photoobijall.objid

TAB. 1 Our SQL code for SDSS data survey
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B. Investigating the Relation among Galaxy Functions
We plotted color versus magnitude, color versus redshift, redshift versus
magnitude, and the three-dimensional system of color, magnitude, and
redshift.

C. Including K-correction and Distance Modulus
To find the separator of the red and blue galaxy populations, we
included K-correction for galaxy true color and distance modulus for
absolute magnitude. K-correction is a value to recover the equivalent
measurements in rest frame. In practice, this can be done by shifting spectra
back to z=0, or using empirical methods to estimate the rest frame color from
apparent magnitudes. The function of distance modulus is

31


Administrator
矩形


V. Results

A. Relations among Color, Magnitude, and Redshift
With detailed redshift data, we directly investigated how galaxy color
evolves with redshift instead of making deduction about the relation between

redshift and magnitude.

FIG. 3 Color vs. magnitude  FIG. 4 Redshift vs. magnitude  FIG. 5 Color vs. redshift

1. Color vs. magnitude
We found the distinct two galaxy populations, showing the trends that
the blue population shifts to the blue end and the red population shifts
to the red end with fainter magnitude (FIG. 3). However, we had
different interpretation from the conclusion of Strateva et al. (2001).

2. Redshift vs. magnitude
Magnitude merely provides an upper limit for redshift but strong
relation between redshift and magnitude (FIG. 4). For example, if we
set the magnitude as 16, galaxies correspond to a wide range of redshift
without one-to-one correlation. Therefore, the deduction of Strateva et
al. (2001) that dark galaxies have higher redshift is biased.

3. Color vs. redshift
We now could directly investigate the relation between color and
redshift with the newly released redshift data, both populations shift to
the red end with increasing redshift (FIG. 5). We further deduced that
caused by the intrinsity of spirals and ellipticals or the Redshift Effect.
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B. Galaxy Distribution on Color-magnitude

We plotted the color-magnitude diagram with the newly released
spectroscopic redshift data (FIG. 6).

In a single redshift interval, take redshift z~0 subset for example, both
blue and red galaxy populations shift to the blue end with fainter magnitude,
showing galaxy intrinsity (FIG. 7). On the other hand, the galaxies shift to
the red and faint end with increasing redshift influenced by Redshift Effect,
such as redshift z [0, 0.5] and redshift z [0.05, 0.1] subsets (FIG. 7 & FIG.
8). We identified galaxy intrinsity and Redshift Effect these two competing
mechanisms, which affect galaxy distribution in color-magnitude diagram.

The lines in FIG. 6 are linear regressions of the blue galaxy population
(left), the green valley (middle), and the red galaxy population (right). We
suggested that galaxy intrinsity is more influential for blue galaxy
population, while Redshift Effect is more prominent for red galaxy
population.

IOOO

Z (redshift)
1 |
o o
(N o
o (9

|
o
N
«

I>020

FIG. 6 Color-magnitude FIG. 7 Color-magnitude  FIG. 8 Color-magnitude
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absolute mag.

C. Hypothesis and Verification

Hypothesis for two competing mechanisms

A. C.
+ Spiral

o o2 @ Elliptical
€ IS oo z~0.0
€ S og z~-0.1
OJ —
@ g o@ z~-0.2
& Q Observational
@© @© = =" restriction of

K-corrected color color color ™ <17.77

FIG. 9 Hypothesis of the distribution in color-magnitude diagram

We have identified two dominant competing mechanisms (FIG. 9A & B),
which affect the galaxy distribution in the color-magnitude diagram (C):
1. Galaxy intrinsic color-luminosity relations (A)
Blue and red galaxy populations respectively dominated by spirals and
ellipticals shift to the blue end with fainter magnitude.
2. Distance modulus and Redshift Effect (B)
The distance makes galaxies in higher redshift look fainter and Doppler

Effect makes them redder in color-magnitude diagram.

Verification
1. Galaxy intrinsity

We suggested that the inclination of the blue population (FIG. 6) is
caused by galaxy intrinsity instead of active star formation. For verification,
we plotted the histogram of each magnitude interval galaxy (FIG. 10).
Indeed, the blue galaxy population is dominated by fainter and bluer galaxies.
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Redshift Effect

We suggested that the inclination of the red population (FIG. 6) is
mainly caused by the Redshift Effect. Divided by our separator (for
details p.12), we found the linear regression of the red population is
approximately perpendicular after removing the Redshift Effect via K-
correction (FIG. 11), consistent with our hypothesis (FIG. 9B). In
addition, we suggested that the trend of the blue population should also
be perpendicular, but with the observational restriction of SDSS

r*<17.77, the bluer and fainter galaxies are lost, causing the inclination.

8
S -<17.0
=26 o
7 5
L4 g
3 ® 0175
O £
0
1 2 3 18.0
u*-r* (' color)
FIG. 10 Color histogram FIG. 11 K-corrected color vs. redshift

35


Administrator
矩形


D. Separator of Two Galaxy Populations
To find out a group of galaxies belong to ellipticals or spirals, we defined
a separator between red and blue populations, which dominated by ellipticals
and spirals, respectively. By the separator, we wanted to know how galaxies

in the blue population evolve into the red one.

(A) Without K-correction (B) With K-correction — 0.20

8§10 - 015 =
< E
o %
[u] ©
o =
205 010 ¢
N N
©
S k I 0.05
o]
0

1 2 3 4 0.00

u*-r* (color)

FIG. 12 Color histograms with different redshift intervals

At first, we eliminated two effects, distance and Redshift Effect, to make
sure our separator reliable. We used distance modulus to measure the
galaxies’ intrinsic brightness and to get the absolute magnitude data. In
addition, we removed the Redshift Effect via K-correction, to reveal the true
color of galaxies. We found that the peaks of two populations and the valley
shift back to the blue side after K-corrected, corresponding to the same value
of color (FIG. 12).

Compared FIG.13 with FIG. 6, each
subset shifts to the blue end after K-
corrected, going to the left side, and shifts to
the bright end of magnitude by eliminating
the influence of distance, getting upper in
the diagram. As a result, every redshift

interval galaxies overlaps on redshift ~ 0

subset (FIG. 13). FIG. 13 K-corrected Color vs. absolute mag.
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FIG. 14 K-corrected color vs. absolute magnitude. Three dashed lines are the linear

regressions of 0.00 < z < 0.05 subset.

The separator and the trends of blue and red populations of redshift ~ 0
subset fit every redshift interval subset (FIG. 14). We suggested that there is
no significant signal of galaxy evolution in redshift 0 to 0.3, and quantified

the fuctions of distributions below.

Separator y=-14.180 x + 13.596
Blue galaxy population y=-7.403 x - 8.158
Red galaxy population y=-12979 x + 6.632

On the other hand, we found both populations show the trends of intrinsity
after removing the Redshift Effect, consistent with the hypothesis of two

competing mechanisms (FIG. 9).
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V. Conclusions

1. The Three-dimensional Relation Among Color (u*-r*), Magnitude (g*),

and Redshift (z)

3D space

Color-magnitude plane

Iam B

| |
o o
= o
o w

redshift)

~N-0.15

I> 0.20

Redshift-magnitude plane

Color-redshift plane

TAB. 2 The 3D cube of color, magnitude, and redshift

Color, magnitude, and redshift are closely related and none of them
can be ignored or mixed (TAB. 2A). The conclusion of the previous
work based on only one of the 2D projection and that’s why it is biased.
(TAB. 2B). We further found the upper limit of magnitude at each
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redshift value instead of one-to-one correlation (TAB. 2C). Moreover,
with the projection on color-redshift plane, we did not find any

evidence of galaxy evolution (TAB. 2D).

Two Competing Mechanisms in Color-magnitude diagram

Galaxy intrinsity and Redshift Effect are the dominant competing
mechanisms which affect the galaxy distribution in color-magnitude
diagram. Galaxy intrinsity is more influential for blue population; on

the other hand, Redshift Effect is more prominent for red population.

The Separator of Blue and Red Galaxy Populations
The separator provides us a standard to classify the ellipticals and

spirals within spectroscopic data.

The function of the separator =
Absolute magnitude = -14.180 (K-corrected color) + 13.596

VI.Q&A

Where your data come from? How did you obtain?

We obtained 573,684 galaxies data from Sloan Digital Sky Survey
Data Release 12 by Structured Query Language (SQL) Search (FIG.
15). The SDSS DR12 (FIG. 16) not only advanced provides redshift
data but covers much larger celestial sky than the Early Data Release
version (FIG. 17) which Strateva et al. (2001) based on.
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FIG. 15 SQL Search in the SDSS DR12

FIG. 16 Data Release 12 distribution of the galaxies on the celestial sky

FIG. 17 Early Data Release distribution of the galaxies on the celestial sky
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How did you define the regression lines of your separator?

We recorded the magnitude of peaks and valleys of each subset in
the histograms, input the information into marks in the scattering
diagram. Therefore we could fit the regression line of these marks and

defined our separator.

Did any other works also diagnose the separator of two galaxy
populations?
Yes. There are two accepted criterion: 1) Concentration index

2) Exponential and de Vaucouleurs’ Profile likelihoods.

1) Strateva et al. (2001) accurately selected Concentration =2.6 as a
criterion and found it performs well only at the bright end (g*<16).
Concentration data require well-resolved galaxies, which actually

could simply classify visually or spectroscopically though.

2) The profile likelihood criterion from De Vaucouleurs (1961)
performs poorly and loses 94% blue population galaxies in the
discussion of previous works. Strateva et al. (2001) have
concluded that it is less discriminative than either concentration or

color criterion.
On the other hand, color criterion does not require well-resolved

galaxies and is applicable for all magnitude ranges. It is definitely a

more convenient and accurate way to define two galaxy populations.
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