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ABSTRACT

Subject headings: quasars: absorption lines

1. INTRODUCTION

Our current understanding of galaxy formation and evolu-
tion is still far from complete. Quasar absorption line sys-
tems are an extremely useful means of statistically coimstra
ing scenarios of metal enrichment, inflow and outflow, ioniza
tion conditions, kinematics, and gas structure within gaia
and the IGM.

For the following discussion, we adopt the terms “weak”
and “strong” to refer to absorbers having2 A <W, < 0.3
A andW > 0.3 A, respectively, wher&\; is the rest frame
equivalent width of the Mg 2796 transition.

TABLE 1
JOURNAL OF OBSERVATIONS

Quasat Alias Zem  Aple Ared  Facility
A &
J000323260318 Q0006263 4,111 5122 8143 1
J000149015939 UM196 2.817 3045 10087 1,2
J000520+052411 UM18 1.900 3188 6081 1
J000344232355 HE000142340 2.280 3044 10088 2

J000448415728 Q0002422 2.760 3044 10087 2

Notes. Table 1 is published in its entirety in the electronic editif the Journal. A portion is shown here for guidance
regarding its form and content.

Numerous studies have identified specific galaxies asSO- quasarnames are as listed in Veron-Cetty & Veron (2001).

ciated with Mg! absorption (see Bergeron & Boissé 1991;
Steidel, Dickinson, & Persson 1994; Steidel et al. 1997;
Guillemin & Bergeron 1997; Churchill et al. 2005; Chen &
Tinker 2008; Kacprzak et al. 2008; Barton & Cooke 2009;
Chen et al. 2010; Kacprzak et al. 2011; Churchill et al. 2012;
Nielsen et al. 2012), while weak absorption is believed to be
generally associated with the IGM or CGM (Churchill et al.
1999; Rigby et al. 2002; Nielsen et al. 2012).

In this paper we present the largest study of high resolution
high signal-to-noise Mg absorption to date, with an empha-
sis on kinematics and evolution. The redshift path density
of weak Mg absorption and its dependence on quasar lumi-
nosity were explored in Evans et al. (2012); in this paper the
entire Mgl absorber sample and results for equivalent width
and kinematic quantities are presented. Our Voigt Profile)(V
modeling and results will be discussed in Paper Il.

In § 2 we present our data, and in § 3 our results for equiv-
alent widths, kinematic extents, kinematic systems, and flu
decrements as a function of velocity, as well as how these
properties have evolved. We discuss plausible interpostat
in 8 4, and conclude in § 5.

2. DATA
2.1. Sectra

We have analyzed 252 high resolution, high signal-to-noise
High Resolution Echelle Spectrometer (HIRES) and Ultravi-
olet and Visual Echelle Spectrograph (UVES) quasar spec-
tra obtained from the Keck and Very Large Telescope (VLT)
observatories, respectively. The wavelength coveragéef t
spectra is approximately 3,000 - 10,000 A. An example spec-
trum is shown in Figure 1. The resolving power of both instru-
ments isR=\/A\ =45 000, or~ 6.6 km s, and the spectra
have three pixels per resolution element. The resolution is
constant in velocity. The signal-to-noise ratios are tgfhc
25 - 80. Such high quality spectra allow for an in-depth inves
tigation into the distributions and kinematics of the géac

1 New Mexico State University, Las Cruces, NM 88003
2 Centre for Astrophysics and Supercomputing, Swinburne &fsity of
Technology, Hawthorn, Melbourne, VIC 3122, Australia

Facilities. (1) HIRES; (2) UVES.

halos and intergalactic structures selected by the preseinc
the Mgil AA2796 2803 doublet. The high resolution allows
us to discern fine substructure within the absorption fesstur
The HIRES spectra were provided by Charles Steidel,
Jason Prochaska, Christopher Churchill, Wallace Sargent,
and Michael Rauch. The UVES spectra were provided by
the UVES Squad, an international collaboration headed by
Michael Murphy that mines UVES archived quasar spectra.
The spectra of Churchill and Steidel were explicitly observ
for Mgl absorption (Churchill & Vogt 2001; Churchill et al.
2003; Steidel et al. 2002) and were selected based upon pre-
vious studies which used low resolution spectra to detect
Mg absorption of equivalent widtha} (2796)> 0.3 A (Sar-
gent et al. 1988; Steidel & Sargent 1992). Those of Sar-
gent and Rauch were selected for high resolution analysis
of Ly a forest and Qv absorption, and those of Prochaska
for damped Lyman alpha (DLA) absorption (Prochaska et al.
2007). The UVES Squad spectra were drawn from the
UVES/VLT archive by Michael Murphy. These spectra were
obtained by several researchers for various purposesidncl
ing Ly« forest, Mai, Civ, Olv, and DLA studies. The het-
erogeneous selection bias of our sample is addressed in § 2.7
Examples of the spectra used in this study are listed in Ta-
ble 1. For each quasar, column (1) lists the name we have
adopted, (2) a common alias, (3) the emission redshifth@) t
lower wavelength limit observed, (5) the upper wavelength
limit observed, and (6) the instrument with which the spec-
trum was obtained.

2.2. Reduction

The spectra of Churchill were reduced using the standard
Image Reduction and Analysis Facility (IRAFsoftware, the
process of which is detailed in Churchill (1997). Those of
Sargent, Rauch, Prochaska, and Steidel were reduced using

3 IRAF is distributed by the National Optical Astronomy Obssnries,

which are operated by the Association of Universities fos€ach in As-

tronomy, Inc., under cooperative agreement with the NatiSc#&nce Foun-
dation.
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FIG. 1.— The UVES spectrum J22206830323 and six of its Mg systems presented in order of their absorption redshif§99508, 0.786512, 0.942415,
1.082795, 1.555851, and 1.692150.

the Mauna Kea Echelle Extraction (MAKEE) data reduction Pipeline Echelle Reduction (UVES POPLER) software (Mur-
package of Barlow (2005), which is optimized for the spec- phy 2008), which is an extra reduction step that facilitates
tral extraction of single, unresolved point sources. Altloé cosmic ray removal. A sliding window is passed along each
HIRES spectra were previously continuum fit. echelle order and the flux variance within the window is used
The UVES Squad spectra were reduced using the UVESto identify strong cosmic rays. The echelle orders in each ex
pipeline (Dekker et al. 2000), which is provided by the Eu- posure are scaled to a common flux level where they overlap,
ropean Southern Observatory (ESO). The pipeline runs in theand the wavelength scales are corrected to the vacuum helio-
ECHELLE context of the MIDAS environment. The echel- centric frame. The data are then median filtered and com-
logram layout is assessed using two calibration exposares, bined using inverse variance weighting. An initial continu
quartz lamp and a short thorium-argon (ThAr) lamp. These is derived by iteratively fitting small sections of each dpam
are taken with a short slit so as to define a nominal trace alongwith a low order Chebyshev polynomial, rejecting points ly-
which the object spectrum will be extracted, as well as to ing many sigma below or above the fit at each iteration. The
provide an initial wavelength solution. The trace is refined sections of continuum are then spliced together by linearly
by analyzing the quasar exposure, but the nominal trace pro-weighting each section from unity at their centers to zero at
vides a reasonable approximation in heavily absorbedmsgio their edges. Any remaining artifacts, such as from internal
of the spectrum. The wavelength solution is refined using aspectrograph reflections, are removed and the continuum is
standard ThAr lamp exposure. Several hundred strong, un-refined manually. All manual actions are logged and the en-
blended ThAr lines are used to constrain a two dimensionaltire reduction and combination process is readily repdatab
wavelength space model of the CCD. The wavelength calibra- All the spectra in our sample have been corrected to helio-
tion residuals for each order averaged 70 m/s, or about 0.03centric vacuum velocities. In cases where multiple speaftra
pixels in a the final combined spectrum. Finally, the quasar a quasar were available, we optimally combined them in order
flux is extracted and the ThAr wavelength calibration polyno to increase wavelength coverage and signal-to-noise ratio
mial for each order is attached. During extraction, the dlaz
function is removed from the data by dividing the normalized 2.3. Characteristics of the Spectra
flat fields into the _object spectra. This ensures that e>etdac'g The Mgl A2796 redshift coverage of the survey is 6
echelle orders which overlap in wavelength space have a SIM3 - 2.6 and is illustrated in Figure 2.1. The thin lines indicate

llar continuum shape, allowing simple combination. total coverage toward each quasar line of sight, while thukth

Some, but not all, of the exposures were then com- l o - ;
. g S . ines indicate those regions of the spectra for which the 6
bined into one dimensional spectra using the UVES POst- . limiting equivalent width limitim is no greater than
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0.02 A. This quantity, discussed further in § 2.6, traces the 2.4. ldentifying Mg 11 Doublets

sensitivity of spectra in each pixel, and in turn allows Us 10 \yg searched quasar spectra only in the region spanning the
detgrmlne V\(hat range of equivalent W|dths'are detectable INLy o emission redshift up to 5,000 kmisblueward of the

a given portion of a spectrum. Small gaps in the spectra aréyyq | emission redshift. This upper limit ensures that no de-
possible above- 5000 A due to incomplete coverage of the tected Mg absorption features are intrinsic to the quasar and

echelle orders by the CCDs. its immediate vicinity (Weymann et al. 1991). Using the pro-
gram SEARCH (Churchill et al. 1999), the spectra are objec-
ey e T T e T eI T T tively searched for Mg doublet candidates. The initial crite-
ey T ria are the detection of a& feature, which is taken to be the
e e |lmmee —— A\2796 line, along with a corresponding-3detection at what
oD S s T would be the location of tha2803 feature. Detections and
e e e S | 11710 & e significance levels follow the formalism of Schneider et al.
e e My —— (1993). The candidates are then checked for doublet ratios
BT R s consistent with D < DR < 2.0. Finally, line profiles are vi-
e et e " sually inspected to ensure that they are consistent with eac
< e s T other and to eliminate any spurious features.
& T iy s Two or more Mgl features are considered to be kine-
e | ———— matic subsystems within a single system if they lie withif 80
32370500 — e T —— km st of each other. The candidates are also checked au-
et ||l = T tomatically for corresponding absorption in numerous pthe
e | - S atomic transitions, including Migh\2853; Fel \2344,12374,
e T |lmem —— 22383, \2587, andA\2600; Cal A3935 and\3970; and
- R Mnit A2577,22594, and\2606. Using this algorithm, 469
e T || T —— Mgl AA2796 2803 systems were identified. However, after
(‘) ST (‘) R eliminating systems which were identified as Mgoublets
but which failed to meet a minimum standard of data quality
Redshift Coverage (see § 2.6), 422 systems remained to comprise our sample.
sample. The tin ines mdicate al coverage.whie the tiimes pdicate 2.5. Problems at High Redshift
t_ho_se regiqns of the spectra for Which_the Best limiting equivalent width Within the higher Wavelength regimes of our sample (above
limit W, jim is no greater than 0.02 A. Figures 2.1-2.3 show the coverage f . . .
our full sample and are available in the online version of therdal. ~ 5900 A), corresponding to higher MigA2796 absorption

redshifts, feature detection becomes more difficult duda¢o t

We also calculated the redshift path sensitivity function Presence of telluric lines. The strongest lines occur inthe
g(W,2) of the survey (Lanzetta et al. 1987). This function and B-bands (7600-7630 and 6860-6890 A, respectively) and
represents the number of absorbers of a given rest equivalenalso between 7170-7350 A (Barlow 2005). These lines are
width at a given redshift that could have been detected in thegenerally distinguishable from the MigAA2796 2803 dou-
sample. The maximum possible valuegff;,2) is equal to ~ blet. A chance alignment of two telluric lines at the pre-
the total number of lines of sight. The redshift path sewsiti cise separation needed, along with the required doubliet rat
ity of our survey is shown in Figure 3. Note that th@\;,2) needed to be mistaken for the Mgh\A2796 2803 doublet,
function rises quickly with increasing equivalent widthdan is unlikely; furthermore, the A- and B-band features in par-
thereafter is limited chiefly by the number of lines of sight ticular occur in a distinctive pattern of closely spacedrpai
cover a given redshift, with the sensitivity peakingat 1. that is readily recognizable. Nevertheless, these spsifiear

tures may obscure underlying weak M@bsorption or cause
significant line blending. The search algorithm, however, i
200 such that the redshifted MgA2803 wavelength correspond-

] ing to a candidate Mg A\2796 feature is always visually in-
spected, in addition to our objective criteria, to deterenin
— ] whether absorption is present. The locations of the N1,

I Cail, and Mnil features mentioned in § 2.4 are also visually
inspected for possible corroboration of the presence of the
| Mgl A\2796 2803 doublet. These procedures ensure that
50 | the maximum possible number of absorbing systems are re-
covered from the spectra.

2.6. Global Absorption Line Characteristics

Figure 4 shows the binned redshift distributions of our de-
tected Mgl AA\2796 2803 absorbing systems for weak sys-
tems, strong systems, and the full equivalent width sample
spanning M06< W, (2796)< 6.23 A. The absorbing redshifts
span the range.09 < z < 2.55, with a mean of 1.18. The
FiG. 3.— The redshift path sensitivit\W, 2) of the survey. more sharply declining tail at the high end of the weak popu-
lation versus the strong is due partially to a decline in 1@ s
sitivity of the spectra in the higher redshift regime, as ban
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seen in the illustration of the redshift path sensitivityg{ire
3); the lowestW, systems suffer the most loss of complete-

ness. The other reason behind the discrepancy is that there
are truly fewer weak absorbers per unit redshift at high red-
shift than there are strong absorbers (see Evans et al. 2012,

and references therein).

full sample
........ w,(2798) < 0.3 &
- W(2796) z 0.3 X

60

40 - —

Number per 0.15 Bin

FIG. 4.— The Mg! absorption redshifts. The solid gray area indicates
the full sample. The dotted and dashed lines indicate the \aadkstrong
samples, respectively.

An average equivalent width limit over the Mg\2796 fea-
ture consistent withV i, < 0.02 A was a prerequisite for in-
clusion in our final sample. This quantity is defined as the
minimum rest equivalent width detectable in a given portion
of a spectrum, and is a measure of the signal-to-noise fatio.
this case, the meand\W\ i, was calculated ovet600 km st
about the\2796 feature. Systems were included for which (1)
Wi jim < 0.02 A; or (2) for whichW, i was greater than 0.02 A
but for which the standard deviation of that quantity ove th
+600 km st window was such thad ;im minus the standard

deviation was less than or equal to 0.02 A. This provision al-

lows systems having a high variation in spectral qualitpasr

TABLE 2

STRONG Mgl W DISTRIBUTION EXPONENTIAL FIT RESULTS

Redshift Range Data N* wW*
Gy
0.366< z< 2.269 this study 723+0.178 08104+ 0.049
Nestor et al. (2005) .1874+0.052 Q702+0.017
0.366< z< 0.871 this study $80+0.032 (0829+4+0.093
Nestor et al. (2005) .2164+0.124 Q585+ 0.024
0.871<z<1.311 this study 788+0.035 Q667+0.074
Nestor et al. (2005) .171+0.083 Q741+0.032
1.311<z<2.269 this study 7594+0.307 Q922+ 0.097
Nestor et al. (2005) .267+0.092 0804+ 0.034

which will be discussed in Paper II.

In order determine whether our strong sample is not incon-
sistent with an unbiased one, the blind survey of 13311IMg
absorbers of Nestor et al. (2005) was used for comparison.
This comparison was touched upon in Evans et al. (2012) but
we discuss it in more detail here. Their study measuredi Mg
A2796 rest equivalent widths in the rang8 & W < 5.68
A and absorption redshifts. 886 < zus < 2.269. The max-
imum likelihood method was used to perform an exponen-
tial fit of the form @ /W*)eW/W" on the resulting distribu-
tions for both the entire sample and for three redshift bins,
0.336<7z<0.871,0871<z< 1.311,and 1311< z< 2.269
(referred to in this section as the low, medium and high red-
shift samples).® is the normalizationWV is the equivalent
width, andW* is the characteristic equivalent width. The
Kolmogorov-Smirnov (KS) statistical test was employed in
order to quantitatively measure the similarity (or lackriu)
between our sample of strong Mgsystems and the maxi-
mum likelihood exponential fits of Nestor et al. (2005).

Our equivalent width distributions are shown in Figure 5.
They are plotted for both the entire redshift range and fer th
low, medium and high redshift samples. We have also per-
formed maximum likelihood best fits on our unbinned equiva-
lent width samples (e.g. Lanzetta et al. (1987)); these tsode
along with those of Nestor et al. (2005) are shown with the
data. The cumulative distributions are shown with the fit an
KS test results in Figure 6. The maximum likelihood results
are listed in Table 2.

Our criterion satisfying the assertion that our sample is
not inconsistent with an unbiased sample was B{&S) >
0.0027, which would mean that it could not be ruled out at
the 3¢ level that the two populations are consistent with one
another. In all four redshift samples this criterion was met

the absorption region to be included, and accounted for 6% offor the full redshift range of Nestor et al. (2005), we obtain

our final sample of 422 Mg A\2796 2803 doublets.
2.7. Possible Sample Bias

P(KS) = 0115, and for the low, medium and high redshift
bins, we obtainedP(KS) = 0053, 0.621, and 0.322, respec-
tively. Even the lowest value, corresponding to the low red-

Since none of our quasar spectra were selected based uposhift sample, falls well within the criterion, such that ttveo
knowledge of weak absorption, and because no correlationpopulations are not inconsistent with each other to even a 2
exists between strong and weak absorbers in a given quasar level. The exponential function maximum likelihood fit re-
spectrum (Churchill et al. 1999), our sample is unbiased for sults for our sample and for those of Nestor et al. (2005) are
weak systems. However, some of the spectra were selecte@lso consistent within 3 of each other in all redshift bins.

because the presence of strong IMgbsorption had already
been ascertained. Given this partial selection bias anldetie

Although our strong Mg absorber sample is not inconsis-
tent with an unbiased sample, Figure 5 reveals apparent ex-

erogeneous motivations behind the observations of some otesses of absorbers\af ~ 2 A and> 4 A. These excesses

these lines of sight, as discussed in § 2.1, it cannot be assum are likely due to some of our quasar lines of sight being cho-
a priori that the strong Mg absorption subset is consistent sen for observation because the presence of DLAs was al-
with an unbiased sample. Some statistically significard-rea ready known. This is primarily due to the HIRES spectra
surance of this would allow us to use our sample to study thecontributed by J. Prochaska, as well as some of the UVES
evolutionary aspects of the strong Mgbsorption systems, spectra from the VLT archive. DLAs are associated withiMg
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FiG. 6.— At left, the MgI 2796 cumulative equivalent width distribution of our samgielid curve) foly > 0.3 A and the maximum likelihood exponential
fits to our sample (dashed-dotted curve) and to the sample ebNetsal. (2005) (dashed curve). At right, the sample is @idichto the identical redshift bins of
the sample of Nestor et al. (2005) and is plotted with the retspefits. TheP(KS) test results between our sample and the Nestor et al5)2ib@re also noted.

absorbing systems in these equivalent width regimes. The ex Although SEARCH locates numerous atomic transitions si-
cess aWV; > 4 A may also be indicative of galactic winds (see multaneously when a Mg 2796 candidate is detected, mea-

Bond et al. 2001a,b).

surements of the absorption features were limited to 13 tran

As a result of this analysis, we proceed under the premisesitions derived from five different elements: Mg\2796 and
that our sample of Mg absorption systems has the charac- A2803; Mg A\2853; Fel \2344,12374,A2383,12587, and

teristics of an unbiased sample, allowing the valid studigsof

evolution.

2.8. Atomic Transitions and Example Mgl Systems

A2600; Cal A3935 andA3970; and Mmi \2577, A\2594,
and)\2606. The transitions and their relevant atomic data are
listed in Table 3. Column (1) lists the transition, (2) theva
uum wavelength, (3) the oscillator strength, and (4) thanat
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The low redshift sample is clearly more well described by the
ANALYzTEADBTLFIzEAismeS Schechter function, with a reduced of 4.43 versus 21.0 for .

the exponential fit. The Schechter result also produced fai
end slope 0f-0.463+ 0.095, which is inconsistent with the

Transiti A f I'x 108 S . .

ransiton A (s)e(c—l) zero value that would be implied by an exponential function.
Car3o3s 3934777 06346 1456 In a study of H mass densities traced by Mgabsorp-

all . . . H H : 7
Cal3970 3969591 03145 1414 tion, Kacprzak & Churchill (2011) fit a Schechter f_unctlon
Fell2344 2344214 0.1097 2.680 to the equivalent width distribution of systems (@} = 1.0
Fell2374 2374461 0.0282 2.990 and obtained best fit parameters \&f* = 0.970+ 0.056,
Ee“gggg ;ggg-ggg 8-822‘8 g-%gg which is slightly lower than our result of.Q43+ 0.163,

el . . . - _ ;
Fol2600 2600173 02239 2700 and o = -0.642+ 0.062, slightly steeper than our result of
Mgi2853 2852.964 1.8100 4.950 —0.463+0.095. . o
Mgli2796 2796.352 0.6123 2.612 Comparing the exponential to the Schechter fits in the case
m::gggg %ggg-g% 8-gggg %?Zi of the high redshift sample, the reducgtivalues were 5.44
MRi2594 2504499 02710 2685 and 4.77, respectively; however, the best fit result for et
Mni2606 2606.462 0.1927 2.648 end slope was0.131+4+ 0.161, which is consistent with zero

and thus a simple exponential function.
Our low redshift equivalent width distribution is consiste

broadening constant. ih a Schechter f ) hich | bl
Each system’s absorption profiles for these transitions are'VIth @ Schechter function, which Is comparable to a power
law at the weak end. This is in broad agreement with the

shown in the online version of the Journal; six examples are . : X

shown in order of increasing equivalent width in Figures 7.1 resull(t of Churchill e(;_al._t()19_99), who fit a power law to the:r

and 7.2 with their VP models superimposed (Paper Il will dis- V€2 04 < z < 1.4 distribution. However, Narayanan et al.
(2007) found evidence for a turnover from a power law in

cuss this modeling). their distribution within the same redshift range in thagith
3. RESULTS weakest bin, @165 A< W, < 0.1 A, fell significantly below

Once the presence of Mgis confirmed, the equivalent the Churchill et al. (1999) fit. . .
width regions, equivalent widths, optical depth-weighsge- Narayanan et al. (2007) also presented their weak equiva-
tem redshifts, velocity spreads, and upper and lower viloci €Nt ‘(’j‘”.dth dftr'b”t'on for the d(an9§-4 <Z <h2.4 ?]n?] corg_—d
limits are determined for both the whole system and for the Pared it to their 0 < z < 1.4 distribution. Though they di
kinematic subsystems using SYSANAL (see Churchill et al. not perform fits to their distributions, they noted that qual

1999: Churchill & Vogt 2001). All quantities are calculated itatively their low redshift weak distribution was the much
for thé Mg, Mg1, Feil, Mnil .and Cal transitions listed in  Steeper of the two. This is consistent with our results in com

Table 3. paring our high versus low redshift distributions.

The measured properties for example systems are listed in !t @Ppears that the Mg equivalent width distribution
Table 4. Column (1) lists the quasar, (2) the system red- evolves over the total redshift range ofl® < z < 2.55 from
shift, (3) the Mg \2796 rest equivalent width, (4) the appar- N exponential at high redshift into a Schechter at low red-
ent optical depth column density, (5) the Mg\\27962803  Shift. The relative paucity of weak absorbers at high reftishi
doublet ratio, and (6) the flux decrement-weighted velocity M2y have been due to ionization conditions in the past that
spreadw,. The properties of example kinematic subsystems Q|d not allow as many to survive. Another poss[blhty that en
are listed in Table 5. Column (1) lists the quasar, (2) the sys rlchrlnent over time ra|ses| the Mlgcollumn der;]s.lty of more
tem redshift, (3) the subsystem number, (4) the subsysterd! ¢louds into adeltectabe range alt OV(‘j’ re;]ds ";" diminished
velocity center,(v), (5) the lower subsystem velocity limit, Nabraya?an ekt al. (2b007k)) spe%u ated t qtrt] ‘; C'jm'“'s €
(6) the upper subsystem velocity limit, (7) the subsystem flu nhumh'eLO ‘é"eﬁ‘.ﬂ Mg f‘ sorf?rs a %V‘;'.“ﬁz mlgkt eb ue to
decrement-weighted velocity spread,, (8) the subsystem the high redshift analogs of low redshift weak Mgbsorp-
rest equivalent width for the Mg A2796 line, and (9) the Uon being associated with strong Mgln this scenario, weak
subsystem Mg A\2796 2803 doublet ratio. These proper- Mgn absorption at high redshift would be in the k|r_1emat|c
ties are all derived directly from the flux values in each pixe ViCinity of strong Mgii and thus would not be recognized as

and the methods of measuring them are discussed in the ApiSclated weak absorption. However, we have compared the
pendix. high velocity weak kinematic subsystems of strongiMsub-

systems to isolated weak Migabsorption (Evans 2011; Evans
3.1. Equivalent Wdth Distribution of Mg 11 Systems et al. 2012). Morphologically these two types of profiles of-
_ _ o ten appear very similar, but a KS test of their rest equivalen
The system Mg A2796 equivalent width distributions of \yigth distributions revealed that they are actually twdidist
our low redshift (019 < z < 1.4) and high redshift (# < populations to a 99.98% confidence level, or greater than 3
z < 2.55) samples are shown in Figure 8. We fit exponen- ; " K test of the distributions of flux decrement-weighted

tial and Schechter functions to the binned data for both red-yg|ocity spreadsy, indicated to a greater thanssconfidence
shift ranges. The fits only included equivalent widths down |eyg| that the two populations are unique.

to 0.032 A (the bin centered on 184 = -1.375 A) due to

the loss of sensitivity below this regime, which is discusse . . .
§2.3. 3.2. Kinematic Properties

The exponential function takes the for@/W*)eW/W" as System total velocity width and velocity spread distribu-
discussed in § 2.7, while the Schechter function takes ttme fo  tions are shown in Figure 9. The shaded histograms indi-
dW/W*)2e W/ W™ wherea is the faint end slope. The best cate the entire sample; the dotted lines indicate the weak
fit parameter and reduced results are shown in Table 6. (W (2796)< 0.3 A) subsample; and the dashed lines indicate
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FIG. 7.1.— System absorption profiles. The VP models are supesetaicks

Velocity, km s!

indicate the component centroids.

TABLE 4
SYSTEM PROPERTIES
Quasar Zabs W Naod DR wy
A (log cm?) (km s

J012417374423 1.173635 .018+0.001 1163'33% 1844030 64+1.0
J101447430031 2.042606 .092+0.004 1239'935 1.85+0.17 596+1.6
J123200-022404 0.756903 .803+0.003 1330153, 1.28+£0.02 156+0.7
J110325-264515 1.202831 .6931+0.002 1344007 1444001 433+0.2
J110325-264515 1.838689 .044+0.001 13801533 1.33+0.00 500+0.1
J035405-272421 1.405188 .B60+0.006 >1435  110+0.00 933+0.3

Notes. Results for the systems shown in Figures 7.1 and 7.2. Talslgdhlished in its entirety in the electronic edition of tlveithal. A portion is

shown here for guidance regarding its form and content.

the strong \\4(2796)> 0.3 A) subsample. The two popula-
tions exhibit markedly different distributions, with thesak
systems averaging a total velocity width of 88.7 krh and
the strong systems averaging 247.1 Krh sSimilarly, the
weak systems average a velocity spread of 22.9Krarsd the
strong systems 60.0 km's The Mgl system total velocity
width and velocity spread distributions indicate that efififig
kinematic extents, not just differing optical depths, ciimite
to the differences in equivalent widths in the weak and gfron
Mgl absorber populations.

The kinematic properties of Mg absorbing systems can
be further studied by quantifying characteristics of indial

system velocity; circles, x’s and triangles represent tve |
intermediate and high velocity bins, respectively.

The low velocity subsystems have an average equivalent
width of 0.96 A and an average velocity spread of 39.7 kln s
They represent a class distinct from the intermediate agid hi
velocity subsystems, which have average equivalent wigfths
0.29 and 0.20 A, respectively, and average velocity sprefids
19.5 and 14.6 km'$, respectively. These data reflect the fact
that low velocity subsystems tend to be the dominant subsys-
tems in strong Mg absorbers, whereas subsystems having
(v) > 40 km s* tend to be weak and to have smaller kine-
matic extents.

subsystems. We have divided the kinematic subsystems of the g analysis of the kinematic subsystems of strongiiMg

strong population (having total systath(2796)> 0.3 A) into
three classes according to subsystem velogity choosing
bins of (v) <40 km s?, 40< (v) < 165 km s, and(v) > 165
km s. This allows comparison with the work of Churchill &
Vogt (2001), in which the subsystems of 23 strong IMsy's-

systems reveals that strong Mabsorbers generally consist
of a dominant subsystem with significantly weaker, kinemat-
ically more compact subsystems extending out in one or both
directions from the main absorption and spaced tens to hun-
dreds of km s away.

tems were analyzed. Figure 10 shows the results of our anal- Churchill & Vogt (2001) found the same trends between

ysis of the 242 strong systems in our sample. The left panel

subsystem equivalent width and subsystem velocity and be-

plots subsystem equivalent width versus subsystem vglocit tween subsystem velocity spread and subsystem velocity,

and the right panel subsystem velocity spregdersus sub-

namely, that lower velocity subsystems tend to exhibit both
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FIG. 7.2.— Same as Figure 7.1. Figures 7.1-7.422 are availalihe ionline version of the Journal.

higher equivalent width and higher velocity spread than (2001) sample haw = 1.49 A, whereas for our sample it is
higher velocity subsystems. However, within each velocity W, = 6.23 A. The number of systems in our sample exceeding
bin, their subsystem velocity spreads and subsystem equivthe Churchill & Vogt (2001) equivalent width maximum is 59,
alent widths were significantly lower. In the low velocity or 24% of the systems. We believe our sample is dramatically
bin, most of the subsystem equivalent widths ranged from more robust and its statistics are the more reliable of thwe tw
0.3<W < 0.6 A compared to our average of 0.96 A, and the
velocity spreads were typically betwen?n 4Qu, < 30 km s? 3.3. Evolution of Srong Mg 11 Systems
compared to our average of 39.7 ki.s Similarly, in the In order to study evolution in strong Mgabsorbers, their
intermediate and high velocity bins, Churchil & Vgt (2001 fux decrements per pixel can be binned by absorption red-
found subsystem equivalent widthswif~ 0.1 Awhereas our  ghift, system equivalent width, and pixel velocity and the
average for those two bins is 0.25 A. They also quote SubSySfesuItlng cumulative distributions compared. This presd
tem velocity spreads of typically 10 km s* to our average  information about the relative system optical depths and
of 17.5 km s. the kinematic extents of the absorption and how these have
We believe these differences arise due to the much smallechanged through cosmic time.
sample size of Churchill & Vogt (2001) compared to our  The flux decrement in each pixel was measured in every
study; our sample is over a factor of ten larger. As aresult, 0 equivalent width region in every Mg system in our sample
sample includes the rarest extremely high equivalent width for the A\2796 feature. Pixels having decrements consistent
high velocity spread Mg systems, which are also more fre- with 1.0, i.e. saturated pixels, were assigned flux decrésnen
quent in the higher redshift portion of our survey (Churchil of exactly 1.0, since their actual flux decrements vary about
& Vogt (2001) only covered up ta = 1.2). For example, one due to noise. Pixels that were bad or that were part of a
the highest equivalent width system in the Churchill & Vogt spurious feature, and thus had no corroborating absortion
other transitions, were omitted from the pixel sample.
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TABLE 5
KINEMATIC SUBSYSTEM PROPERTIES
Quasar Zabs Subsystem (v) A vt wy W (2796) DR
(kms™) (kms?1) (kms? (kms?) A
J012417 374423 1173635 1 ©7+0.86 -14.2 208 637+1.04 002+0.00 184+0.30
J10144'#430031 2042606 1 -97.90+0.48 -1098 -817 488+1.06 004+0.00 171+0.18
2 1967+1.21 -4.1 537 1374+1.07 0054+0.00 201+0.30
J123200-022404 0756903 1 243+0.41 -30.9 691 15594067 030+0.00 128+0.02
J110325-264515 1202831 1 -9.204+0.22 -1001 1024 43284+0.21 05940.00 144+0.01
J110325-264515 1838689 1 -4.95+0.11  -1499 976 5000+0.12 1044+0.00 133+0.00
J035405-272421 1405188 1 -0.594+0.33 -1969 1906 93304+0.29 2664+0.01 110+0.00

Notes. Results for the systems shown in Figures 7.1 and 7.2. Tatsi@6hlished in its entirety in the electronic edition of tieeichal. A portion is shown here for guidance regarding itsfand content.

log frequency
log frequency

0.19 £z <14 : ] [ 14 =z =255
SsE exponential fit ‘{ B s e exponential fit
——- Schechter fit L ] [ ——- Schechter fit
R B I N B
-2 -1 0 1 -2 -1 0 1
log W (2796), & log W (2796), &

FIG. 8.— Mgl A2796 equivalent width distributions for our low redshiit< 1.4, left) and high redshift> 1.4, right) samples. The dotted and dashed
curves represent the best fit exponential and Schechtetidascrespectively, and the best fit parameters are listdalite 6. The fits do not include bins that
fall within the shaded are#} < 0.0325 A. This is the equivalent width regime in which our sampléstbelow 90% completeness (see § 2.3).

to their velocities to examine kinematic evolution with red
W DlSTRIBUIIAOEL'-FElT?lNG RESULTS shift. The method of measuring the relative pixel velosiiie
discussed in the Appendix.
The cumulative distributions of the resulting flux decremnen

z Fit ) W a X223 P

samples are shown in Figures 11 - 12. Each panel plots the

Range A . . A X .

low, medium and high redshift distributions for a given egui

ow 2 06i5t0173 1043:0163 0630095 4ag  olcniwidthand velocity range.
high 1 109610163 0866£0094 .-~ 544 _Th_e KS test was used to quantitatively compare the three
high 2 Q915+0.275 Q0974+0.190 -0.131+0.161 477 distributions within each panel. In each case the test was pe

2 roaed formed on the low and medium redshift samples; the medium

2Renge, (ow) 018 < 2.< 14; (high) 14 < 2 < 255, and high redshift samples; and the low and high redshift sam-
Fit. (1) exponentil; (2) Schecher. ples. This resulted in B(KS) statistic, a measure of the equal-
ity of two samples, for each pair. The quantity B(KS) is the

We chose our absorption redshift binning, as in § 2.7, to confidence Ieyel that the two samples are not drawn from the
match the redshift bins of Nestor et al. (2005). The pixels Same population; the results are noted in each panel. &lips
were binned according t0.836 < z < 0.871, 0871< z < indicate that no data existed for the given redshift, edeiva
1.311, and 1311< z< 2.269 (hereafter the low, medium and Width and velocity bin. For all panels for whidh; > 2.0
high redshift samples). The pixels were further dividedint A, we chose not to perform the KS test between the low and
equivalent width bins of @ <W < 0.6 A, 0.6 <W < 1.0 medium redshifts and between the medium and high redshifts
A, 1.0<W < 2.0A, andw > 2.0 A: this allows us to deter- because the medium redshift bin contained only four absorp-

mine whether there is differential evolution based on apsor 1N Systems. The medium redshift data for these panels is
tion strength. Finally, the pixels were also binned acaugdi still shown, but we do not believe these distributions are as
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and the full sample (solid gray). At right, the velocity spiday) distributions shown in the same format.
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robust as the others. which it is within +100 km $?, and so on. The distributions
For this study we consider two samples to be statistically are plotted in this manner up t8450 km s*, and finally for
different if the confidence level resulting from the KS test e the entire velocity window. In general these samples change
ceeds . For test results of less thand3significance, the  less and less as the velocity window grows because most of
actual quantity +P(KS) is noted; otherwise the confidence the absorbing pixels are concentrated near the profile cente
level is noted in terms of significance. This is especially true of the.®<W < 0.6 A sample, the
Figure 11 shows the flux decrement distributions, from top |owest equivalent width bin.
to bottom panels, over increasingly large velocity windows  In contrast, Figure 12 shows the flux decrement distribu-
The top row of the left panel includes only those pixels for tions, from top to bottom panels, over progressively smalle
which the velocity is within+50 km s*, the next row for  velocity ranges. Instead of plotting the distributions dfats
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FIG. 12.— Same as in Figure 11.

in the central portions of the absorption profiles as in Fégur of panels in thev > 300 km $§* or greater bins contained no
11, here we have plotted the distributions of pixels havieg v absorbing pixels and were omitted. While Figure 11 shows
locities greater than some minimum velocity. The first row the distribution of pixels within a given velocity, Figure 1

of the left panel includes only pixels for which the velocity shows the distribution of pixels outside of a given velacity
is at least 50 km$ away from the zero point, the next row Therefore distributions may not contain any pixels once the
for which the velocity is at least 100 km“saway, and so on  higher velocity cutoffs are reached, particularly in thevés

up tov > 450 km s?. In this velocity bin only the strongest equivalent width bins.

systems, those haviMy > 2.0 A, contain any absorption and For the 03 <W < 0.6 A sample, there is for the most part
therefore they were the only distributions shown. A number no statistically significant evolution in the flux decrenseex-
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ceptin the case of low to medium redshift pixels hawnrg50 high redshift bins, as in the.d <W < 2.0 A sample, there
km s, in which case there is evolution at ther3evel. The is strong evidence for evolution. In the inner velocity dist
low redshift distribution rises more steeply than the mediu  butions, the high and low redshift distributions differ té a
redshift, indicating that the low redshift systems tenddawén  significance level at all velocity cutoffs. The trend is foet
weaker absorption within this velocity range than they do at low redshift distribution to rise more rapidly than that bt
medium redshift. high redshift; this is due to the tendency of the low redshift
The next strongest sample, having equivalent widths of profiles to have shallower absorption within a given velpcit
0.6 <W < 1.0 A, contains statistically significant flux decre- window than the high redshift profiles.
ment evolution for all velocity ranges in Figure 11, i.e.eth In these strongest systems there is also statisticallyfsign
inner pixels of the absorption profiles. For< 50 km sl cant evolution between the low and high redshift samples in
andv < 100 km 1, these systems evolve between low and all of the outer velocity distributions up to thve> 300 km s*
medium redshifts, between medium and high redshifts, andbin; at greater velocity cutoffs there are not enough akiagrb
between low and high redshifts. Over larger velocity window pixels to yield significant KS test results. As in the distri-
significant evolution occurs between the low and medium red- butions for the outer velocity bins for the@< W < 2.0 A
shifts and between the low and high redshifts. The evolu- sample, in the strongest equivalent width regime we also see
tion is such that the medium redshift distribution rises the the low redshift distributions rising more steeply than tiigh

most steeply in the smallest velocity € 50 km s) window, redshift ones due to the pixels in the wings of the low redshif
meaning it has the shallowest absorption of the three rédshi profiles containing, on average, weaker absorption thasetho
bins in the profile cores; but in all larger velocity windowise in the high redshift profiles.

high redshift distributions rise the most steeply, imptythat The studies of Steidel & Sargent (1992) and Nestor et al.

the absorption in any given pixel tends to be shallower thani (2005) concluded that the numbers per unit reds#iNy dz
the other two redshift bins. In contrast, the low redshifisa  of 0.3 < W < 0.6 A systems are nonevolving. In higher
ple in this equivalent width range rises the most slowly. Sthe  equivalent width regimes, these authors found that eaiuti
profiles are as a group the most kinematically concentrefted 0 ith redshift becomes increasingly significant (fr> 1.0 A

the three. . . ._andW > 2.0 A in the cases of Steidel & Sargent (1992) and

_ These trends are continued in @ more pronounced fashior\jastor st al. (2005), respectively). Their results regagdhe

in the next largest equivalent width rangeDE W < 2.0 jhers per unit redshift of strong systems indicated tiet t

A. As expected, the flux decrement distributions of these gyrongest systems diminish in number toward the present.
stronger absorption systems rise more slowly than those of owever, these studies were limited by their resolution in
the weaker systems; this is due to the stronger profiles beingne types of analyses they could perform. Using our high res-
more frequently saturated or nearly saturated over larger v o|ytion data, we measured flux decrements and kinematics as
locity ranges in all three redshift bins than the weaker [B8fi  pa5 never been done before for such a large sample and found
Among the three redshift ranges in this equivalent width-sam nat these quantities, likéN/dz, also evolve in very strong

ple, evolution is found at the & level for all the inner velocity W > 1.0 A) M . ;
L P> 1 gll. This study complements the previous
distributions. As noted for the.6 <W, < 1.0 A sample, the  yorks, which could not investigate kinematics in any detail

low redshift distributions rise the least rapidly in all difese . . o
- ! LA We find that systems having; > 1.0 A exhibit the most
ety o, o e Mgl FP AAGNS S5 marked changes i pie flux cecrements across our tree
; ; ; redshift bins o <z<0.871, <z< 1311, an
pixels in the former are strongly decremented than in the lat 1311< z< 2.269. In general we find that statistically, the

ter. . .
. I . . . : low velocity absorption (near the cores) of our strong IM
tis also in this equivalent width bin that we begin to see ;6047 )s/trongefat IoS/ver redshifts, i.)e. these reg%msga
significant evolution in the outer pixels of the absorptioo-p optically thicker than at high redshifts. In the higher ety

. ; -1 )
{iion between the low and mecium fedehit samples and be-2050TPton regions, we find that on the whole the opposite is
tween the low and high redshift samples at the gnd 30 true; absorpt_lon per pixel is We_aker at lower _redshlfts _tban
levels. respectivelv: in the ran 250 km s there is evo- higher redshifts. These results indicate that high retbtfi
 resp Y: ge> absorbers in this equivalent width regime tend to have more

lution between the low and high redshift samples at the 3 . : , - :
level; and in the range > 300 km s* there is evolution be- Eg‘jﬂ;ﬁ%ﬂg extended absorption than do their low refdshi

tween the low and medium redshift samples at thel8vel. Strong Mg! absorption is known to often, though not al-

e e o P, Waye, b assocaled wih bigh glsies, and ere re many
ent tren’d than thése in the inner velocity distributions.eTh instances of a specific galaxy being associated with a known
outer velocity distributions allow us to isolate and sarni#é '\t/l %” SgStem (see et.gd tKha(;przak ett al. 20018;' Aln'\z/?ddmon,
absorption trends in the wings of the profiles. Here we see! b as t'een ?tuggre]s N i a th?fy f ro:m el )t' gllf
that the low redshift distributions in the higher velociteff & so_rpdlo/n 0 eg b%ls mgm%mts 1“%8661 SgggeZS_bIV?t_OtSlf-
panels rise much more steeply than those of the medium and?€rwinds/superbubbles (Bond et al. a,b). Zibetti et a
high redshifts, which tells us that in the outer portionsaf | 2007), in a statistical study Of. stqcked quasar f|_eld Images
redshift profiles, absorption in equivalent width regiospn ~ Showed that strong Mg absorption is correlated with signif-
the whole Weakér per pixel icant light excesses within 100 kpc impact parameters that
: . - are consistent with blue galaxies.

g%;tgecﬂg‘;g%eg‘ 'c\g%agfgrgﬂfmtﬁén|’o"eawhZh-z'r? rét’jsh' « EarlierdN/dz studies have established definitively that the

W v P y W '9 ™ humbers of very strong Mg systems are diminishing toward

samples due to the small sample size of the medium redshif . .
sample of only four systems. However, between the low andtthe present; for example, Nestor etal. (2005) find iz (2)
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of W, > 2.0 A systems decreases by45% fromz=1.8 to 0.6.
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final sample after making the quality cut described in § 2.6.

However, it is apparent from our results that those verygjro  We classified 180 systems as weak (hawvig< 0.3 A) and
systems that do exist in the low redshift epoch contain more242 as strong (havin@y; > 0.3 A). We analyzed each sys-

highly saturated profile centers, indicating that thesacstr

tem’s absorption and kinematic properties and modeledtVoig

tures are becoming more optically thick over time. This find- profiles.

ing supports the suggestion of Steidel & Sargent (1992) that
strong Mg is optically thinner at high redshifts, as well as
the conclusion by Nestor et al. (2005) that evolution they ob
serve in thedN/dz of the very strong Mg population must

be driven by evolution in the kinematic properties of Mg
selected galaxies.

Using the Spearman and Kendall rank correlation tests in
our analysis of strong Mg, we found no significant trend
with redshift in the number of kinematic subsystems per sys-
tem nor in the fraction of absorbing pixels (which may be less
than one due to nonabsorbing pixels between subsystems).
These findings contradict those of Mshar et al. (2007) who, in
their study of 33 strong Mg absorbers, stated that they ob-
served significant correlation of these quantities witrstefd.

We stress that the kinematic evolution of strong IMig not
easily characterized; in agreement with Mshar et al. (2007)
we find that velocity spread also does not significantly exolv
with redshift when the Spearman and Kendall rank correla-
tion tests are employed. In addition, we have tested fornevol
tion in total velocity width and VP Dopplds parameter dis-
tributions (the latter to be discussed in Paper Il), alshouit
finding significant differences in the populations at difietr
redshifts.

It seems that the overall kinematic extents of very strong
Mgl do not evolve, but that their internal velocity structure
does. The optically thicker cores of the low redshift absorp
tion profiles in out, > 1.0 A subsample may indicate that
the physical centers of the absorbing gas are becoming more
settled over time. This would cause the flux removal to be-
come more aligned and concentrated in velocity space. On
the other hand, the trend we observe at greater velocities of
increased kinematic complexity in the low redshift sample
may indicate that the gas giving rise to the outer portions of
the absorption is condensing into kinematically more degti
clumps.

4. DISCUSSION

Our Mgl equivalent width distribution is weighted more
heavily toward weak systems at low redshift than at high red-
shift, an effect of both an increase in the incidence of weak
absorbers (Narayanan et al. 2007; Evans et al. 2012) and a de-
crease in the incidence of very strongy (> 2 A) absorbers
(Nestor et al. 2005; Lundgren et al. 2009) toward the present
relative to the no-evolution expectation. Changes in iatiin
conditions could yield a higher weak\ /dz over time, while
changes in kinematics, causing Meelected gas to become
more settled and thus aligned in velocity space, could reduc

1. The distribution of Mgl equivalent widths appears to

evolve, being described by an exponential function at
high redshift but by a Schechter function at low red-
shift. In the range A9 < z < 1.4 we fit the distribution
with a Schechter function having = -0.463+ 0.095
andwW* =1.043+0.163. Inthe range .4 <z< 255 we

fit the distribution with an exponential function having
W* = 0.866+ 0.094.

. Our weak absorbers averaged total velocity widths

of 88.7 km s* and flux decrement-weighted velocity
spreads of 22.9 kn§, while our strong absorbers aver-
aged 247.1 km$ and 60.0 km ¥ for those two quan-
tities, illustrating the relationship between absorber
equivalent width and kinematic extent.

. The kinematic subsystems of strong Mgystems were

segregated by velocity and their characteristics com-
pared among velocity bins. The low velocity subsys-
tems, having(v) < 40 km s?, tend to be the domi-
nant subsystems and to contain the majority of the sys-
tem absorption; our low velocity subsystem sample has
an average equivalent width of 0.96 A and an aver-
age velocity spread of 39.7 km's The intermediate
and high velocity subsystems, which have velocities of
40 < (v) < 165 km st and (v) > 165 km s?, average
equivalent widths of 0.29 and 0.20 A, and average ve-
locity spreads of 19.5 and 14.6 km's respectively,
representing relatively minor portions of the absorption
in strong MgI systems.

. By studying the pixel flux decrement distributions of

our strong Mgi sample, we found significant kinematic
evolution among our low, medium, and high redshift
subsamples (366<z<0.871,0871<z< 1.311, and
1.311< 7< 2.269, respectively). The most pronounced
kinematic evidence for evolution occurs in the> 1.0

A regime. The low redshift absorbers in this equiva-
lent width range have systematically more strongly flux
decremented pixels near the profile centers, and system-
atically shallower absorption in the outer portions of the
profiles, than do their high redshift counterparts. The
trend in the strong population is toward more kinemat-
ically concentrated gas over time.

dN/dz of the strongest absorbers. The latter scenario is sup-\ve thank Wallace Sargent, Michael Rauch, Jason Prochaska,
ported by the results our analysis of pixel flux decrements, and Charles Steidel for their contribution of spectra. We ar

which revealed significant kinematic evolution in ive> 1.0
A population.

5. CONCLUSION

grateful for NSF grant AST 0708210, the primary funding for
this work; JLE was also supported by a three-year Aerospace
Cluster Fellowship administered by the Vice Provost of Re-
search at New Mexico State University and by a two-year

We searched 252 HIRES and UVES quasar spectra andNew Mexico Space Grant Graduate Research Fellowship.
identified 469 Mgl A\2796 2803 doublets in the rangeld< MTM thanks the Australian Research Council for a QEIl Re-
z< 2.6 having(z) = 1.18, of which 422 were included in the search Fellowship (DP0877998).
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APPENDIX

Equivalent Width Regions

After a system is identified as described in § 2.4, its eqaivalvidth region must be defined using the equivalent width
spectrum and following the formalism of Schneider et al.93)9 The wavelength limits of the feature are determined iy fi
measuring the equivalent width significance in each regglutlement. There are three pixels per resolution elenreour
spectra and the instrumental spread function is assumeel &@nussian of widtth A (FWHM) given byR= \/A\ = 45000.

In order to have been identified, the feature must contairsaluéon element satisfying the conditiov) /oy, > 5, wherew;

is the equivalent width of resolution elemeinandoy, is the uncertainty in the equivalent width. From this retiolu element
the spectrum is then scanned blueward until the significanogs tow; /oy, < 1, this defines the lower wavelength limit of the
spectrum. This process it repeated redward to locate therupavelength of the feature. An example of an identifiedesyst
with the equivalent width regions defined for each kinematibsystem is shown in Figure 14. The gray shaded areas taedica
the equivalent width regions and the dotted lines indidagditnits of the 1o significance level.

Equivalent Widths

The equivalent width of an Mig system results from both the column density of its companantl its kinematics - i.e., the
manner in which the components are distributed in velogigce. The rest frame equivalent width of an absorption Bregual
to W =Whps/(1+Zaps), Where the definition of the observed equivalent width is

A2
Wobs = /
A1

1—|'c> d), 1)

and where\; and )\, are the wavelength limits of the featuteis the flux at wavelength, andI€ is the continuum flux at that
wavelength. In practice, the observed equivalent width ®fsiem is determined by summing the equivalent width in ¢
over the wavelength range of the feature. For kinematicysibmk spanning pixelg, to j; the equivalent width is calculated

as
i

=l

LAUNY )

We=> (1

c
J

The quantityD; = 1-(I;/If) is the flux decrement in pixgland A ; is the wavelength range spanned by pikeThe variance
in W is
Jk
O‘&W = Zaéj (AN))?, 3
=i

wherea%j is the variance in the flux decrement and is given by

2 _ IJ ’ UIJ 2+ O'llp ’ 4
b= 1 (7 )l @
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FiGc. 14.— (a) Mgl A2796 absorption system with its five kinematic subsystems elgfitb) The equivalent width per resolution element. The esiabove
and below the spectrum provide thel o and+5 o uncertainties. Figure provided by Churchill et al. (2012jwpermission.

whereo, andmjc are the uncertainties in the counts and continuum of gixel
The total system equivalent width then is summed over akbgstems as follows:

Nsub

W=> "W, (5)
k=1

whereNgyp is the number of kinematic subsystems. The variance foesystjuivalent widthW is

Nsub

W=D o ®)
k=1

System Redshifts and Velocities

The system redshift is determined using the median wavtierfghe flux decrement distribution of the Mg\2796 transition.
This wavelength is obtained by solving the implicit equatio

A; A
/ D(\)dA =/ D(\)dA (7)
for ;. D()) is the flux decrement at and A~ and \* are the lower and upper limits of the Mg\2796 absorption feature.
The wavelength\; is then the spectral location at which there is an equal amolimtegrated flux decrement blueward and
redward. The system redshift is then calculated.as= [,/ A\ (2796)]- 1, where);(2796) is the rest wavelength of the Mg
A2796 transition.

Once the system redshift has been determined, it can be odezhsform the absorption profiles into velocity space. For
a given observed waveleng#t) of pixel j, the corresponding velocity i = c[Aj = A (1+ Zaps)] /[ A (1 + Zans)], Wherec is the
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speed of light and,, can refer to the rest wavelength of any of the transitions westudying within the system. Converting the
absorption profiles of all the selected system transitiots velocity space allows us to compare them on a common kitiem
scale. In addition, we can now quantify and study kinematperties.

Total Velocity Widths, Mean Vel ocities, and Velocity Spreads

The total velocity width of a system refers to the highesbuiy v* of absorption minus the lowest velocity of absorption
in the Mgl \2796 feature. This quantity represents the total velodiht$ that a system spans, irrespective of the amount of
absorption in the intervening velocity space. Thus a strsatgrated profile spanning 600 km s might have the same total
velocity width as a weak system that has two kinematic subsys one at- —300 km s* and the other at- +300 km s? but
with no absorption in between.

We can use the first three velocity moments to calculate thennaelocity(v) and the velocity spread, of absorption systems
and their subsystems. The definitions of the first three vi@locoments are

VO = / by, VO = / vDM)dv, and V@ = / " (v- )’ D (8)

\'a \'a \'2

whereD(V) is the flux decrement at velocity
The mean velocity or velocity centév,) of thekth kinematic subsystem is the ratio of the first to the zerotimant:

V(l)
(W) = K 9)
v
where the zeroth moment is calculated as .
Jk
V& =3 DAy, (10)
=ik
and the first moment is .
Jk
Vk(l) = ZV] DjAVj, (11)

whereAv; is the velocity width andD; the flux decrement of pixgl.
The kinematic velocity spread, i.e. the dispersion of the flacrement distribution, is given by

1/2
_ (%
W\Ak - <\/k(o) (12)

where the second velocity moment is calculated as
I
V&= (v~ (w))’D; Av;. (13)
=i
The variances in the mean velocity and velocity spread aendiy

2 2
o2, = {8[Vk(;/jvk(°)]} and o2, = {; Ve 8[Vk(:|/j VK(O)]} 7 (14)
where
R } L] (0SS oo @)
ol =i [Vk(")r |
§0):—AV17 SP=v;S?, and S? = (v;-(w))’S”. (16)

J ¢
! J

As in the case of the equivalent widths, the total systemciglanoments (denoted by dropping the subsckipre obtained

by summing over all subsystems:
Nsub Nsub

vO=3"yO v =3 "v® (17)
k=1 k=1
and the total system mean velocity is
v

V)= (18)
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The system second velocity moment is
Nsub Jﬁ

V@ =3"% "(v;-(v))’D;Ay, (19)

k=1 j=j

1/2
w:(vw) | (20)

and the system velocity spread is

V(0
The variances in the system mean velocity and velocity shaea
AV VO 2 1, -1 V@ NO 2
2 _ — @
0-<V> - {{)lj and O'wv - é [V ] T s (21)

where

a2 New i [ (VOSY-vOSD) o ’

ol o VO] 2

AV
sO=- |.°J’ SP=v;S?, and S?=(v;-(v)*S”. (23)
J



