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Background image: Cosmic Web from the Millennium Simulation Project

Abstract: Gas in the universe—its chemical composition, density, etc.—evolves as time goes on. The circumgalactic medium (CGM) is the gas near galaxies. It, in particular,
is affected by the host galaxies, such as their star formation and other feedback processes. The CGM is best studied through absorption-line spectroscopy of extremely
distant objects, such as bright centers of galaxies (see Figure 1).

As a Hawai’i Space Grant Trainee, I learned how to prepare and analyze such an absorption-line spectrum of a strong, chemically enriched gaseous system with the
guidance of mentor Dr. Kathy Cooksey. The goal of the project is to determine the characteristics of the gas, such as heavy-element abundances and spatial distribution.
The study of this gas is important because it sheds light on galaxy evolution and the structure of the universe.
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Figure 1 (left): How gas leaves a chemical “fingerprint” on a spectrum: When light from a quasi-stellar object (QSO), which is a distant galaxy with a bright
center powered by a supermassive black hole, passes through an intervening gaseous structure (shown by the white arrow in the top panel), light is
absorbed at wavelengths characteristic to the chemical elements in the gas (as shown by the spectrum in the bottom panel). We define the location/time

period of an astronomical object by its redshift: 𝑧 =
𝜆𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑−𝜆𝑟𝑒𝑠𝑡

𝜆𝑟𝑒𝑠𝑡
, where 𝜆𝑟𝑒𝑠𝑡 is the rest wavelength of light as measured in a lab and 𝜆𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 is the

longer (therefore redder) observed wavelength when it arrives at Earth. The change in wavelength is due to the expansion of the universe.
Absorption by intervening gas clouds must occur at lower redshifts than that of the background QSO. The spectrum shows these absorption lines in

the form of narrow dips in the flux (see white curve in lower panel). Because hydrogen is the most abundant element in the universe, it produces many
lines towards the blue of the spectrum. Many metal absorption lines, where “metals” are elements heavier than helium, have wavelengths longer than
hydrogen’s, creating absorption lines redward of the hydrogen absorption lines.

Figure 3 (above): The zoomed-in area of the spectrum shows that the absorption is not just one deep trough but several at slightly different redshifts. These are called components and come from
different “cloudlets” in the target system. The first step in my project was to identify the ions (e.g., SiII) and transitions (e.g., SiII 1334 vs 1526) that made these absorption signatures. Here we see SiII
1526, CIV 1548, and CIV 1550. CIV is a resonance-line doublet, which means it has two transitions that appear really close together in the spectrum. After defining the wavelength spread at each
associated transition, I determined which transitions shared a component at the same redshift (or relative velocity, see Figure 4) for every component I identified.

Figure 4 (left): This velocity plot shows
regions of the normalized spectrum
(black curve) around the labeled
absorption lines, plotted with respect
to a common velocity. The vertical
blue dashed line at 0 km s-1 is the
redshift of the target system. The red
curve is the 1-σ error of the flux; the
green line is the continuum of the
QSO; the magenta dashed lines are
the components I identified. Velocity
plots make it easy to compare
components of different ions and
transitions. It is important to know
how many different components there
are so we can use VPFIT (see Figure 5)
to characterize the absorption lines.

Figure 5 (left): I used VPFIT (Carswell et al. 2014) to fit Voigt
profiles to the absorption lines of the target system, which
determine the doppler parameter and column density of the
target system. Doppler parameter relates to the kinematics of
the gas; the individual atoms of the gas move due to their
temperature. Column density is the number of atoms present in
the cross section of light. The VPFIT results for MgII are shown
here, plotted on the spectrum. The green curve shows the
overall fit of the absorption lines, and the orange dashed curves
show the fits for the individual components. Each component
has a different column density and Doppler parameter, which
contribute to the overall fit. These two properties of the gas will
be used to determine other characteristics, such as spatial
distribution and heavy-element abundances.

Future Work:
The next step in my project is to use these VPFIT results to model
the target system with CLOUDY (Ferland et al. 2013). These
models will yield the abundances of the elements in the gas,
which will inform us about star formation and feedback
processes, illuminating aspects of the CGM of a galaxy.

Figure 2 (above): This is the high-resolution spectrum I am analyzing, obtained with the Magellan Inamori
Kyocera Echelle spectrograph (MIKE; Bernstein et al. 2013) on the 6.5-m Magellan-Clay Telescope at Las
Campanas Observatory in Chile. The black curve is the normalized flux of the quasar, plotted against observed
wavelength; the red curve is the 1-σ error of the flux. “Normalized” means that the flux of the QSO was divided
by the continuum fit; the “continuum” of a QSO is its flux without any absorption.

The labeled ionic transitions (in blue) are the absorption lines (“dips”) associated with the target system at a
redshift of z = 2.11666, when the universe was roughly three billion-years old. Other systems are present in this
spectrum and can blend with the target system’s absorption lines. This spectrum was chosen for analysis due to
the presence of a strong triply-ionized carbon (CIV) system. CIV is known to trace the CGM because carbon is a
by-product of the life-cycle of a star. Galaxies contain billions of stars that create carbon and other metals, so it is
likely that the target system traces the CGM of a galaxy (see Cooksey et al. 2013).
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