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Abstract We make use of the recent large sample of 17 042 Mg Il absarpiistems
from Quider et al. to analyze the evolution of the redshiftnier density. Regardless
of the strength of the absorption line, we find that the evoiubf the redshift number
density can be clearly distinguished into three differamges. In the intermediate
redshift epoch@.6 < z < 1.6), the evolution of the redshift number density is consis-
tent with the non-evolution curve, however, the non-evohluturve over-predicts the
values of the redshift number density in the earyJ(0.6) and late £ > 1.6) epochs.
Based on the invariant cross-section of the absorber, tkeofBevolution in the red-
shift number density compared to the non-evolution curvgies the galaxy number
density does not evolve during the middle epoch. The flatugii of the redshift
number density tends to correspond to a shallow evolutidheéngalaxy merger rate
during the late epoch, and the steep decrease of the redshifier density might be
ascribed to the small mass of halos during the early epoch.
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1 INTRODUCTION

An absorption line can be observed in quasar spectra wheguthegar sight line passes through the
foreground object, which provides a sensitive probe of mtie invisible objects or gaseous struc-
tures in the universe. Depending on the components and ty&gah conditions of the absorbing
gas, different elements and transitions are expected to sliféerent profiles and strengths. The
Mg IT AX\2796, 2803 doublet is commonly seen and has easily identifiable featiargquasar spec-
tra, which are believed to originate in photoionized gashwémperaturd” ~ 10* K (Bergeron &
Stasifska 1986; Charlton et al. 2003) that traces clouttshigh column density (Rao et al. 2006).
Although the physical origin of the Mg Il absorption systeimsinclear, including absorption
systems that originate in starburst-driven outflows fromrbg star forming regions, which are com-
mon in distant galaxies, infalling clouds, or a combinatibareof, imaging surveys along quasar
sight lines indicate that the great majority of the Mg |l alpgion systems are associated with galax-
ies (e.g., Steidel et al. 1994; Kacprzak et al. 2010; Cheh 2040). Therefore, the Mg Il absorption
lines are usually used for investigating the propertiesasfegpus regions associated with galaxies.
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Based on these Mg Il absorption lines, we can better undetstatflows arising from star forma-
tion and supernovae (e.g., Lopez & Chen 2012; Ménard €04l1; Norman et al. 1996; Bond et al.
2001; Nestor et al. 2011), galactic halos/disks (e.g., @ra& Churchill 1996), the environments
around background quasars (e.g., Bowen et al. 2006), and.so o

The utility of Mg Il absorption systems has led to many grotgpsonduct systematic surveys of
Mg Il absorption features in quasar spectra. The earlieretsronly contained a few quasar spectra
(e.g., Weymann et al. 1979; Lanzetta et al. 1987; Tytler.€t387; Sargent et al. 1988; Caulet 1989).
Lanzetta et al. (1987) analyzed the statistical propecfitise Mg Il absorption systems at relatively
high redshifts (.25 < z < 2.15). The evolution of the number density for absorbers wasgntes!
in their work. For Mg Il absorption systems at lower redsh{ft.2 < z <1.5), Tytler et al. (1987)
and Sargent et al. (1988) found that the evolution of thehi#dsumber density agrees with the non-
evolution curve that is caused by cosmic expansion. For Map#orption systems with a broader
redshift range({.23 < z < 2.06), Steidel & Sargent (1992) found that the redshift numbesies
of relatively weak absorption lines do not evolve with cositiine compared to the non-evolution
curve, however, the non-evolution curve over-predictsréushift number density of the strongest
absorption lines at low redshifts.

With the advent of the larger Sloan Digital Sky Survey (SD¥8k et al. 2000), a huge increase
in the number of quasar spectra has been archived, and krgees of absorbers are available (e.g.,
Bouché et al. 2004; Nestor et al. 2005; Prochter et al. 2906« et al. 2006; Lundgren et al. 2009;
Quider et al. 2011). Nestor et al. (2005) made use of the gusgmsctra in the SDSS early data
release (EDR)~ 3700 quasars) to investigate the statistical properties of MapHorption systems
(about 1300 absorption systems). They found that the @walof redshift number densities parallels
cosmic expansion (non-evolution curve) for relatively waésorption lines, namely the lines with
W% > 0.3, 0.6, 1.0, and1.5 A. However, the redshift number densities of the relatiattpng
lines evolve with redshift compared to the non-evolutionvey namely the lines withV/ 276 >
2.0, 2.5, 3.0 and3.5 A.

In this paper, we will utilize the recent large sample of 12 Mg Il absorption systems to
revise the evolution of the redshift number density of abss, which was constructed using quasar
spectra by Quider et al. (2011) from SDSS Data Release 4 (DRé)paper is organized as follows.
Section 2 presents the origin of the data and the redshlfit paSection 3 we show the distributions
of redshift number density and make a comparison with thdigtiens of the non-evolution curve.
Section 4 has a discussion and conclusions. Throughoup#pisr, we adopt &"MAP cosmology
with Q,,, = 0.274 andHy = 70.2 km s~! Mpc~! (Komatsu et al. 2011).

2 MG Il ABSORPTION SYSTEMS

The Mg Il A\2796, 2803 absorption lines can be detected in the SDSS quasar speetréhe red-
shift ranged.4 < z < 2.2. In this paper, we make use of the Pittsburgh SDSS Mg Il Aldgmmgine
Survey Catalog, which was constructed by Quider et al. (R0%ihg the method of Nestor et al.
(2005). Quider et al. (2011) utilized a combination of cugidtines and Gaussians to produce con-
tinua fits, including the true continuum, emission and apison features. They searched for Mg Il
AA2796, 2803 absorption lines in the continuum-normalized SDSS qugsectsa, and applied an
optimal extraction method and a Gaussian line profile to mreasach rest equivalent widiliy.
All the candidate Mg Il doublets were visually checked toedletine their validity. The\2796 rest
equivalent width detection limitV/}'™ was calculated by determining the theoretical error of the
rest equivalent width. We refer the reader to Nestor et &l0%2 and Quider et al. (2011) for more
details.

Figure 1 shows the distribution of absorption redshiftséibithe 17 042 systems from Quider
etal. (2011).
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Fig.1 Distribution of absorption redshifts for all 17 042 systeinmn Quider et al. (2011).
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Fig.2 Redshift path covered by the Pittsburgh SDSS Mg Il Absorptime Survey Catalog, shown
as a function oW 27,

The total redshift path covered by the Pittsburgh SDSS Mdd$dkption-Line Survey Catalog
for each value otV 27 is given by

Zmax Nspec
Az = [T S (T e @)

Zmin i=1

Here,g; (W32 2) = 1 for W}im(z) < W26 andg; (W27, 2) = 0 otherwise. The redshift
limits are defined to b2000 km s~ ! above thd.ya A1216 emission line an8000 km s~ below the
Mg IT A2800 emission line, or the limits of the spectra. The redshifterage is plotted in Figure 2.
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Table 1 ON/0z Results fol¥g?"—Limited Samples

2z bin Equivalent width limit (V3'™) of W\2796 > wiim
ON/0z
+0.05 0.2A 0.6A 0.8A 1.2 1.8A 2.54 3.0A 3.58

0.3674 0.0765 0.0482 0.0376 0.0250 0.0111 0.0025 0.0008 00B.0
0.4674 0.1077 0.0642 0.0507 0.0286 0.0110 0.0032 0.0013 006.0
0.5674 0.1466 0.0815 0.0611 0.0344 0.0147 0.0056 0.0017 004.0
0.6674 0.1717 0.0949 0.0731 0.0406 0.0161 0.0065 0.0031 010.0
0.7674 0.1916 0.1045 0.0804 0.0451 0.0178 0.0070 0.0036 019.0
0.8674 0.1901 0.1028 0.0781 0.0424 0.0173 0.0057 0.0022 00D.0
0.9674 0.1397 0.0894 0.0699 0.0433 0.0203 0.0074 0.0033 016.0
1.0674 0.1214 0.0806 0.0653 0.0434 0.0194 0.0074 0.0038 018.0
1.1674 0.1610 0.0881 0.0683 0.0399 0.0161 0.0067 0.0037 019.0
1.2674 0.1894 0.0972 0.0734 0.0395 0.0163 0.0062 0.0028 010.0
1.3674 0.1604 0.0918 0.0696 0.0397 0.0171 0.0071 0.0036 020.0
1.4674 0.1548 0.0830 0.0622 0.0336 0.0159 0.0067 0.0039 028.0
1.5674 0.0986 0.0566 0.0464 0.0282 0.0147 0.0063 0.0034 014.0
1.6674 0.0708 0.0460 0.0378 0.0236 0.0111 0.0047 0.0024 00D.0
1.7674 0.0377 0.0291 0.0252 0.0174 0.0085 0.0036 0.0015 008.0
1.8674 0.0334 0.0274 0.0234 0.0150 0.0079 0.0032 0.0016 009.0
1.9674 0.0140 0.0130 0.0118 0.0089 0.0048 0.0020 0.0010 006.0
2.0674 0.0072 0.0069 0.0059 0.0049 0.0030 0.0013 0.0007 006.0
2.1674 0.0049 0.0043 0.0039 0.0033 0.0025 0.0012 0.0005 008.0

No 0.0663 0.0334 0.0254 0.0144 0.0061 0.0024 0.0012 0.0006
Prob?: 0.0486 0.1161 0.1161 0.2467 0.2467 0.1161 0.0486 0.0060
Prob¢: 0.0036 0.0026 0.0032 0.0056 0.0122 0.0099 0.0037 0.0019

Notes — a:Ng represents the normalization factor of Equation (6) witk 0, which is determined from the minimum

x? fitting of the measuredN/9z using Equation (6) witir = 0. b: The probability of the K-S test, for which a small
value shows that the distribution of the measuégidl/dz is significantly different from that of the prediction of no
evolution. c: The probability of the F-Test, for which a smallue (less than 0.05) indicates that two distributions ar
significantly different.

3 EVOLUTION IN THE REDSHIFT NUMBER DENSITY

The incidence of lines) N/ 9z, namely redshift number density, is the number of absonbersinit
redshift path in an interval d/*?7°%, which is given by

Nabs

ON 1
== )

0z ; AZ(WE)

where the sum is over the systems witf{, and V.., represents the number of absorbers in the
given interval. The variance of the incidence of lines isrsdias

) Nabs 1 2
e =3 [z @

i=1

Historically, this analysis has focused @¢hV/0z as a function of redshift for lines within a
specified equivalent width interval. We compuit&’/dz as a function of redshift fop/ 276 >
0.2, 0.6, 0.8, 1.2, 1.8, 2.5, 3.0 and3.5 A.

The results are provided in Table 1 and presented in Figufes 3nentioned in Nestor et al.
(2005) and Quider et al. (2011), a dipate 1.1 for the subsamples with small equivalent width
limits are due to the ubiquitous decrease in the signal tsenmtio (S/N) at the wavelength that
corresponds to the split between the blue-side and redzaitieras (Stoughton et al. 2002).
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Fig. 3 Evolution in the redshift number density of Mg Il absorbersi2™% > W™ subsamples.
The dashed lines represent the non-evolution curves, variemormalized to minimize thg?® to
the measuredN/dz. The solid lines represent the begt fits to the polynomial linear function,
namelyoN/dz = a + bz + c2* + dz°.

The evolution 0foN/0z is influenced by the expansion of the universe. The redshifilver
density,0N/0z, is associated with a cosmological model and describesuhmbar of absorbers per
co-moving path length, which is usually expressed as

8]\7_6 dX

(1+2)?
- = En(z)a(z)a = N(z)

)
V(1 +2)3 +Qa
for the concordance cosmological model. Hate:) = (¢/Hp)n(z)o(z), n(z) is the number density

of absorbers and(z) represents the geometric cross-section of the absorbeer@lly speaking,
assuming

(4)

N(2) = gmooo(1+ 2)° (5)
to parameterize the evolution ofz)o(z), then
ON 1+ 2)%Fe

0z 0\/QM(1+2)3+QA.



646 Z.F. Chen

Here,Ny = (¢/Hp)nooo, which does not evolve with redshift, ands the evolution parameteN,
ande are usually determined by the measuégd/dz. If ¢ = 0, N(z) corresponds to the case of
non-evolution. Thus)N/9z increases with increasing redshift, which is due to the pgjma of the
universe for the non-evolution case.

One can compare the values of the measurddoz to those of the predictions othe non-
evolution curve (Eq. (6) withe = 0). In order to determine the normalization facty, we in-
voke Equation (6), assuming = 0, to fit the data of the measuretV/0z by minimizing the
x? value. The fitted values olV, are presented in Table 1. For each limited equivalent width
subsample over the whole redshift range, we apply the KobmmgSmirnov Test (K-S Test) to
the values of the measurétlV/9z and the predictions of the non-evolution curves. The prob-
abilities (a small probability indicates that the two distitions are drawn from different popu-
lations) of the K-S Test are also provided in Table 1. The pbiliiies of the K-S Test for the
W26 > 0.6, 0.8, 1.2, 1.8 and2.5 A subsamples do not reject the hypothesis that the val-
ues of the measuredN/0z are similar to those of the predictions of the non-evolutiomve,
even though the deviations of the two distributions aredaaghigh redshifts. For thB/ 276 >
0.2, 3.0 and3.5 A subsamples, the non-evolution curves over-predict thaeeaofaN/az at low
and high redshifts. However, the F-variance Test (F-Tegipsrts the conclusion that the values of
the measured N/9z and the predictions of non-evolution curves differ sigmifity from each other
for each limited equivalent subsample. The results of tiegt-were not supported by either Steidel
& Sargent (1992) or Nestor et al. (2005), who reported thatvédues of the measurédv/0z are
formally in agreeable with those of the predictions of tha+swolution curves for the subsamples
having small equivalent width limits.

As mentioned above, here we consider the influence of thensiqraof the universe, and try
to describe the evolution of the values of the measuidtf 0z with redshift using the form of
Equation (6). However, this functional form cannot fit théues of the measure@lV/dz very well,
which also occurs in the power-law functional fofy (1 + z)7. This evidence demonstrates that
the evolution ofoN/9z is complex and cannot be well described with a single poaerfbr any
given limited equivalent width sample, which was also theatasion of Storrie-Lombardi & Wolfe
(2000). Prochter et al. (2006) found that the exponentiatfional formN exp(—zo/z) describes
the values oD N/0z well. However, we stress that this functional form also egnmodel our data
very well. In particular, this functional form cannot deberthe declines ad N /9= at high redshifts.
Here we also consider the simple linear functional ferss bz, which was also used by Prochter
et al. (2006) but this form could represent their data veril. Wéis simple linear functional form
also cannot represent our data either. Therefore, we intekenore complex linear functional form,
namelydN/0z = a+bz+cz?+dz3, to fit the values of the measurédv/9z. The fitting results are
plotted in Figure 3 with blue lines, which indicate that theemplex linear functional form is indeed
a good description to the data.

Due to the sizable data sample, we are able to analyze thibdigins ofd N/9z for ranges of
W76 This is very important, since different absorption stitisf the lines may exhibit different
behawors of evolution. Therefore, we repeat the abov for the following equivalent width
rangesn.2 A < W29 < 0.6 A, 06A<W’\2796 <08A,08A <wW 2™ <124, 124 <
W26 < 1.8 A, 1. 8 A < W(2796 < 25 A, 254 < W29 < 3()/&andvvﬂ‘w6 >35A.

The results are displayed in Figure 4 and presented in Tabl&& normalization factord/y
(the fitted results using Equation (6) with= 0), and the probabilities of the K-S Test and the
F-Test are also provided in Table 2. Except for the subsasnpleere0.2 A < W76 < 0.6 A,
and W26 > 3.5 A, the probabilities of the K-S Test do not reject the hypoﬂsh&mt the two
dlstrlbut|0ns are similar. This evidence was also pregkbteNestor et al. (2005). However, the
F-Test does not support the conclusion that the values ahéesured N /0~ are consistent with
those of the predictions of the non-evolution curve for eshsample. The exponential function,
a single power-law function, the simple linear functiongdahe form of Equation (6) also cannot
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Fig.4 Evolution of the redshift number density of Mg Il absorbersringes 0iV?"* subsamples.
The dashed lines represent the non-evolution curves, variemormalized to minimize thg® to
the measuredN/dz. The solid lines represent the begt fits to the polynomial linear function,
namelydN/dz = a + bz + cz* + dz*. The measured@N /9z departure from the polynomial linear
function is due to the dip at &~ 1.1 for the ubiquitous decline in S/N with wavelength.

well represent the true distribution 6fV/9z. The polynomial linear function is also invoked to fit
the values of the measuréiN/9dz, which are plotted in Figure 4 with blue lines. Except for the
subsamples whef@2 A < W27 < 0.6 A, 0.6 A < W3?™6 < 0.8 A and0.8 & < w2796 <

1.2 A, which ascribe the obvious dipsats 1.1 to the ubiquitous decline in S/N with wavelength,
the distributions are very consistent with the curves ofgblynomial linear function.

4 DISCUSSION AND CONCLUSIONS

The exponential function, simple linear function and singbwer-law function cannot describe
ON/0z well. Only the polynomial linear function is adequate, whieveals that the evolution of
ON/0z is somewhat complex. The influence of dichroic mainly axtthe weak lines (see fig. 8

of Nestor et al. 2005 for details). Ilgnoring the influencetaf tlichroicON/0z is nearly a constant

at intermediate redshift$)6 < z < 1.6) for each subsample shown in Figures 3 and 4, which can
be well described with a simple linear functiohX/0z = a + bz). However,ON/dz shallowly
increases with increasing redshifts at low-end values (.6), and steeply declines with increasing
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Table2 ON/0z Results fol¥g?"—Limited Samples

z bin Equivalent width limit g73™) of w2796 > wlim [A]
ON/0z
+0.05 [0.206) [0.60.8) [0.812) [1218) [1825) [28B [3.0,35) [3.500)

0.3674 0.0283 0.0106 0.0126 0.0139 0.0086 0.0017 0.0006  002.0
0.4674 0.0435 0.0135 0.0221 0.0176 0.0078 0.0019 0.0008  006.0
0.5674 0.0651 0.0204 0.0267 0.0197 0.0091 0.0039 0.0013  004.0
0.6674 0.0768 0.0218 0.0325 0.0245 0.0095 0.0035 0.0019 010.0
0.7674 0.0872 0.0241 0.0353 0.0273 0.0109 0.0033 0.0017 019.0
0.8674 0.0873 0.0247 0.0357 0.0251 0.0116 0.0035 0.0015 00D.0
0.9674 0.0502 0.0195 0.0266 0.0230 0.0129 0.0041 0.0017 016.0
1.0674 0.0408 0.0153 0.0219 0.0240 0.0120 0.0036 0.0023 018.0
1.1674 0.0728 0.0199 0.0284 0.0237 0.0094 0.0030 0.0018 019.0
1.2674 0.0922 0.0239 0.0339 0.0232 0.0101 0.0034 0.0017 010.0
1.3674 0.0686 0.0222 0.0300 0.0225 0.0100 0.0035 0.0016  020.0
1.4674 0.0718 0.0208 0.0286 0.0178 0.0091 0.0029 0.0016  028.0
1.5674 0.0419 0.0102 0.0182 0.0135 0.0085 0.0029 0.0020 014.0
1.6674 0.0248 0.0082 0.0142 0.0125 0.0064 0.0024 0.0017 00D.0
1.7674 0.0087 0.0038 0.0079 0.0089 0.0049 0.0022 0.0006  008.0
1.8674 0.0059 0.0041 0.0084 0.0070 0.0047 0.0016 0.0007  009.0
1.9674 0.0010 0.0012 0.0029 0.0041 0.0028 0.0010 0.0004  006.0

2.0674 0.0004 0.0010 0.0010 0.0019 0.0017 0.0006 0.0001 006.0
2.1674 0.0007 0.0003 0.0007 0.0007 0.0013 0.0007 0.0001  008.0
N 2: 0.0300 0.0080 0.0112 0.0085 0.0038 0.0013 0.0007 0.0006
Prob®: 0.0060 0.0486 0.1161 0.1161 0.4622 0.2467 0.1161 0.0060
Prob¢: 0.0013 0.0011 0.0014 0.0030 0.0111 0.0068 0.0049 0.0019

Notes: see Table 1 for the meanings\af and probabilities associated with the K-S and F tests.

redshifts at high-end values £ 1.6). These three different behaviors of evolution are moraamis/
for stronger lines.

The evolutions 0O N/9z shown in Figures 3 and 4 differ significantly from those of tdest al.
(2005) (see their figs. 9 and 10). Nestor et al. found thaktieeno evolution at most redshifts for
the relatively weak systemsi{, < 2.0 ,&), but for the relatively strong system8% > 2.0 ,&), the
values ofd N/0z increase significantly toward high redshifts. They alsanfibthat the distributions
of ON/0z are almost consistent with the non-evolution curve, regasdof thelV;, value. Here we
restrict the Mg Il absorption systems to the quasars in SD3R,Evhich were used by Nestor et al.
(2005), and again analyze the distribution®af/0z. We find that our results (the distributions of
ON/0z) are consistent with those of Nestor et al. when restridfirgMg 1l absorption systems to
the quasars in SDSS EDR. Therefore, we suspect that theatitfes between our results (our Figs. 3
and 4) and those of Nestor et al. (2005) (their figs. 9 and 1@ht@rise from the sample sizes.

It can be noticed from the distribution of Mg Il absorptiorstms (see Fig. 1) that the detected
numbers of absorption systems markedly declineatl.6 and atz < 0.6. One would suspect that
the declines 0B N/9z shown in Figures 3 and 4 should arise from the remarkablergeti the
detected numbers of absorption systems. Here we apply tBedst to the distributions ¢iN/9z
(shown in Fig. 4) and the detected numbers of absorptioresysin the same redshift bins. The
probabilities of the K-S test are provided in Table 3. Exdepthe sample where2 A < W27 <
0.6 A, the probabilities of the K-S test imply that the distrilouts of0 N/~ are not determined by
the detected numbers of absorption systems.

The Mg Il absorbers are nearly always associated with gadae.g., Bergeron 1986; Kacprzak
et al. 2008). The number density of galaxies with> M, (z = 2) ~ 10! M, evolves with redshift
with an exponential form in the middle epoch (e.g., Jenkirad.€001). Thé) N/ 9~z values shown in
Figures 3 and 4 are nearly a constant at intermediate resl§hid < z < 1.6), which imply that the
cross-sections of absorbers, if they are determined by tmsive galaxies, decline exponentially.
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Table 3 Probabilities of the K-S test for the distributions @V/0z and the detected numbers of
absorption systems.

W)27% range A] [0.2,06) [0.6,0.8) [0.81.2) [1.2,18) [1825) [2¥0) [3.0,3.5) [3.5,00)
Probability 0.74  227E-5 1.09E-4 2.27E-5 103E-7 1.34E-857E-9 1.57E-9

Such parallel evolutions are highly improbable. Moreottes,anti-correlation between the observed
W26 and the projected distance. Therée.g., Chen et al. 2010) indicates that the cross-section
of the absorber with respect W27 is nearly constant. Therefore, it is more reasonable tleat th
almost constan® N/ 9z is related to the galaxy number density and to the crossesesiiowing no
evolution during this epoch.

As noted abovey N/0z shows a flat evolution in the late epoch, which is also expkfttethe
galaxy merger rate (Lin et al. 2004). As long as one assunagtike Mg Il absorbers are closely
related to the starbursts (Bond et al. 2001) and the stdrisuisiven by a galaxy merger, combined
with the invariant cross-section of the absorber, the nresfigalaxies would mainly contribute to
the decrease @GiN/0z in the late epoch.

Tinker & Chen (2008) presented a model which shows that thdINgsorbers are related to
the mass of dark matter halos. In their model, most of the MapHorbers reside in the halos with
M), = 1015 ~ 10125 =1 M. The incidence rate of Mg Il absorption systems decline&lhap
in halos with lower mass. In the early epoch, the mass of thie miatter halo would be too low to
produce Mg Il absorption lines with enough strength. Thallinfg gas outside of the halo increases
the mass of the dark matter halo, which ensures that the lalsuifficient cold gas to produce the
Mg Il absorption lines with enough strength in the early dpdithe steep decreases@V/0z at
high redshifts might mainly be ascribed to the smaller m&#iseohalo in the early epoch.
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