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ABSTRACT

The hydrodynamic simulations of structure formation suggest that nearly 40 %

of the baryons at low redshift is outside of galaxies in a warm-hot intergalactic

medium with temperature of T ∼ 105 − 107 K. Though this is a large reservoir of

baryons at low redshift, detecting it observationally has been challenging because

of the diffuse nature of this gas (nH ∼ 10−5 cm−3). Most of our understanding of

this medium has come from studying high ionization intervening absorption lines

observed in the spectra of distant quasars. The doublet lines of O vi, Ne viii and

Mg x in the far & extreme UV regions are ions of this kind.

In this thesis, we present the detection and analysis of four instances of warm -

hot baryon reservoirs towards three different quasar sightlines using O vi, Ne viii

and broad Lyα absorption features as diagnostics of physical conditions. Using

photometric and spectroscopic data from the Sloan Digital Sky Survey (SDSS)

database, we also present information on galaxies in the vicinity of each absorber.

SDSS shows several galaxies in the vicinity of each of these absorbers. In one

instance, the absorber is found to be within the virial radius of a very luminous

galaxy and could be tracing gas in the galaxy’s extended halo. In the remaining

cases, the absorber can have an intergalactic origin or could be associated with

the extended circumgalactic region around a sub-L* galaxy below the detection

threshold of SDSS.

The thesis also reports the detection of Ne v absorbers for the first time in

the high redshift intergalactic medium. The ionization modeling of this absorbers

found the origin of Ne v to be ambiguous similar to O vi absorbers. The ion

can be produced through photoionisation by the extragalactic UV background

radiation, through collisional ionisaion in high temperature plasma, or through

photoionization under the influence of local radiation field from quasars.

Broadly, this thesis work demonstrates how Ne viii and O vi coupled with

thermally broadened H i absorption, and Ne v can be useful diagnostics of the
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conditions in diffuse gas at T > 105 K in the intergalactic and circumgalactic

space, which harbors more baryons than galaxies at low redshifts.
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CHAPTER 1

Introduction

1.1 Introduction

According to the standard cosmological model, the universe began 13.6 billion

years ago with the ’Big Bang’. The universe was extremely hot and dense in the

initial period after the Big Bang. The energy density of the universe in the early

era was dominated by radiation (photons, neutrinos etc) and the baryonic mat-

ter was materialized in the form of hot ionized gas. The expansion of universe

brought down the energy density of radiation much faster than matter leading to

a radiation-matter energy density equality nearly 60,000 years after the big bang

(z ∼ 3000). The expansion continued in the matter dominated era where matter

slowly separated from radiation and collapsed under gravity. The adiabatic ex-

pansion of the universe decreased the temperature which led to the combination

of ions and electrons to form neutral atoms. A fraction of this gas (mostly hy-

drogen and helium) collapsed under gravity to form the first generation of stars

and galaxies. The gas in the universe underwent a second major phase transition

from a neutral to ionized phase from their interactions with photons formed in

those early galaxies and AGN’s. In the present universe, only 10% of the baryons

have gravitationally collapsed to form stars and galaxies. Remaining 90 % of the

baryons are outside of galaxies mostly in a diffuse phase called the intergalactic

medium (IGM).

The IGM being a very diffuse phase (nH ∼ 10−4 cm−3) is difficult to detect in

emission. However, the medium can be studied from their absorption lines in the

spectra of distant objects. The first attempt for such a study carried out by Field

(1959) tried to detect the hyperfine 21 cm absorption towards an extragalactic ra-

dio source Cygnus A. The result was negative which only managed to establish an

upper limit on the IGM opacity. The detection of first Quasi-stellar object (QSO)



by Schmidt (1963) opened a new opportunity to study IGM absorption in the

optical-UV region (Bahcall and Spitzer, 1969; Gunn and Peterson, 1965). Most

of our understanding of the IGM for the last five decades has been from the inter-

vening absorption line detections in the optical-UV spectra of such quasars. The

low frequency radio observations of 21cm hyperfine line from H i, with telescope

such as Murchison Widefield Array (MWA), LOw Frequency ARray (LOFAR),

Precision Array to Probe the Epoch of Reionization(PAPER), Primeval Structure

Telescope(PaST/21CMA), Square Kilometre Array(SKA) are viable alternative

to quasar absorption line studies.

As of now, the nature of IGM is explored primarily through the absorption

lines in the optical-UV regions in the background spectrum of quasars. One of

the major limitation of this method is that it cannot give any information on the

three-dimensional physical structure of the absorber. Early models regarded the

absorption systems as discrete clouds gravitationally confined in a dark matter

halo (Ikeuchi, 1986) or pressure confined by a hot medium (Sargent et al., 1980)

which consist only a small fraction of baryonic matter in the universe. But later,

the studies of Bechtold et al. (1994); Dinshaw et al. (1997); Smette et al. (1992)

from the analysis of neighbouring QSO lines of sight showed that these absorbers

have sizes of few hundreds of kiloparsecs. Such absorbers could account for a large

fraction of the cosmic baryons which is not expected either from gravitationally

confined or pressure confined models. This led to an alternative view in the un-

derstanding of IGM where we treat structures in the IGM as a nonlinear extension

of the gravitational instability growth in the primordial dark matter density.

In this chapter, we will briefly discuss our present understanding of the cos-

mic budget of baryons and their evolution from observations and simulations. As

baryons are the only form of matter which we can detect directly, the consistency

of these measurements with the model prediction is an important test for the cos-

mological models as well.
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1.2 Baryonic matter in the Universe

According to ΛCDM cosmology, ∼ 95 % of the cosmic energy is in the form of

dark matter and dark energy. Most of the remaining energy is associated with

baryonic matter, the ordinary matter made up of atoms that we are familiar with

in our day to day life and also through the astronomical observations using EM

waves. The mass density fraction of baryonic matter is represented by Ωb =
ρb
ρc

=

0.0486± 0.00051 (Planck Collaboration et al., 2015), where ρc = 9.2× 10−30h2
70 g

cm−3 is the critical density of the universe, ρb is the mass density of baryons and

h70 is the Hubble constant in units of 70 km s−1 Mpc−1 respectively.

How do we calculate Ωb? This can be done in two different ways. One is

by the comparison of the observed elemental ratios of lighter elements such as

lithium, deuterium etc with big-bang nucleosynthesis model (Cyburt et al., 2016;

Kawasaki et al., 2008). However, the atoms of deuterium can be easily destroyed

in stars. Thus, for determining the primordial abundance of lighter elements, we

have to look into the regions with low metal abundance (For eg, O’Meara et al.

2006). From such measurements, we have a tight constraint on the baryonic mass

fraction, Ωb = 0.043 ± 0.003h−2
70 . Another estimate of Ωb comes directly from

the observed cosmic microwave background spectra(CMB). The CMB spectrum is

isotropic up to an order of 10−5 and show weak fluctuations in scales below this.

A careful analysis of these fluctuations using spherical harmonic functions reveal

the fraction of baryons as Ωb =
ρb
ρc

= 0.0486± 0.00051 from the latest estimates of

Planck Collaboration et al. 2015.

The consistent values obtained from these two independent methods improve

our confidence in the measurements. However, it is important to estimate the

mass fraction of baryons directly by observation. The major sources of baryonic

matter in the universe are the stellar components, molecular, neutral and ionized

phases of ISM inside the galaxies, as well as ionized gas outside of galaxies, in

the extended envelops and the intergalactic medium. In the following sections, we

will discuss the detection of baryons in these phases at two different epochs, z ∼
0 (local universe) and z ∼3 (high redshift universe).
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1.2.1 Baryons at High Redshift

Let us begin the discussion with the stellar contribution to the baryon budget.

At high redshifts (z ≥ 3), galaxies are mostly detected from their signatures of

ongoing star formation. Lyα emitters, Lyman break galaxies, host galaxies associ-

ated with GRBs and sub-mm galaxies (Gawiser et al., 2007; Le Floc’h et al., 2003;

Chapman et al., 2005) are some of this kind. Compared to this young population

of galaxies, the galaxies with little star formation are less and are rarely detected

at this epoch (Kriek et al., 2006; Belli et al., 2017). ie, most of the stellar mass

density during this period is accounted by star-forming galaxies. Stellar mass as-

sociated with these galaxies are calculated from their observed luminosity by using
M⋆

L
ratio. The stellar mass density thus calculated at this epoch is 0.005± 0.002b

(Prochaska and Tumlinson, 2009).

The redshift of z = 2− 3 is the period where star formation peaks. Therefore,

it is natural to expect a significant hike in the molecular gas fraction at this epoch.

As the H2 molecule, with its zero dipole moment does not produce any emission

lines, the week Lyman-Werner absorption lines detected in the optical-UV band of

some systems is one way to look into molecular gas in galaxies. Another method is

to use the molecular emission from CO molecule as a proxy to detect the medium

(Decarli et al., 2016). However, the conversion factor of CO to H2 is not well

constrained at high redshift. Current studies of H2 regions are mostly based on

the targeted search for H2 molecular Lyman absorption band towards line of sight

where H i column density of N(HI) > 1019 cm−2 are reported (Srianand et al.,

2005; Petitjean et al., 2000; Ge and Bechtold, 1997). In short, the molecular sur-

vey at redshift z ∼ 3 is not very well constrained. The calculated value of baryonic

mass fraction of ΩH2
= 0.001− 0.1Ωb (Prochaska and Tumlinson, 2009) in molec-

ular gas, therefore, has an order of magnitude uncertainty.

Survey of neutral hydrogen at low redshift is mostly done with 21 cm hyper-

fine transition of the hydrogen atom. Extending this method to higher redshifts

require much more collecting area. Though such studies have been performed

at high redshifts, firm detections are comparatively less (Briggs and Wolfe, 1983;
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Kanekar and Chengalur, 2003). The effective method to study this neutral hydro-

gen gas is via Ly-α absorptions (Wolfe et al., 2005, 1986). However, H i column

density of at least N(H i) ∼ 1020 cm−2 is required to shield the gas against ioni-

sation by the extragalactic background UV radiation. The absorbers with column

densities of this order generally show a damping wings in their absorption lines

known as Damped Lyman Alpha Absorbers (DLA). The survey of DLAs using

SDSS DR5 given Ωneutral = 0.016± 0.002Ωb. ie, the gas in the neutral gas phase

consists only 1- 2 % of the total baryonic budget.

So far, our discussions were based on baryonic matter associated with dense

and compact objects. There is also a significant fraction of baryons outside the star

forming regions of galaxies in a highly diffuse and ionised phase(fHI = nHI/nH ∼
10−4). Most of the hydrogen atoms in this medium are in H+ state which does

not show any line transitions. The medium can be detected from the Lyα absorp-

tion of the tiny fraction of neutral hydrogen remaining in this phase. These Lyα

forest absorptions corresponds to gas with densities of nH ∼ 10−5 cm−3 (over-

densities of, Δ = ρ/ρ̄ ∼ 1 − 10) and temperatures of T ∼ 104 K (Rauch, 1998;

Cen et al., 1994; Miralda-Escudé et al., 1996; Rauch et al., 1997; Hernquist et al.,

1996; Bolton and Becker, 2009). With the current generation telescopes, absorp-

tion with NH i
= 1012 − 1022 cm−2 can be detected. Gas with column den-

sity > 1022 cm−2 are extremely rare and the absorbers with column density

NH i
< 1012cm−2 is limited by the S/N of the detector. For determining baryonic

mass density from H i column density also need information of the ionization state

of this gas. Here, we assume ionization conditions of gas in IGM is contributed

by the UV background radiation. The details of UVB radiation is separately dis-

cussed in the later section. The approximate baryonic mass density calculated for

the three column density interval is shown below.

N(H i) = 1019 − 1020cm−2 ⇒ ΩSLLS = 0.02Ωb (1.1)

N(H i) = 1016 − 1019cm−2 ⇒ ΩLLS = 0.05Ωb (1.2)

N(H i) = 1012 − 1014.2cm−2 ⇒ ΩLyα = 0.65− 0.95Ωb (1.3)
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where LLS corresponds to Lyman limit systems and SLLS corresponds to su-

per Lyman limit systems.

This shows that a vast majority of baryons at high redshift is of the form of

ionized gas detected from the Lyα absorption lines. The total baryonic fraction es-

timated at high redshift is in agreement with the big-bang photosynthesis model of

deuterium abundance and also with the direct mass estimation from CMB power

spectrum.

1.2.2 Baryons in the Present Universe

The luminosity function of galaxies in the local universe is precisely studied with

different photometric and spectroscopic surveys (Skrutskie et al., 2006; Huchra et al.,

2012; Colless et al., 2001; York et al., 2000). To determine the fraction of baryons

associated with these galaxies, the observed galaxy luminosity must be translated

to the corresponding baryonic mass of the galaxy. This can be done if we know the

stellar mass to light ratio (M
L

ratio). This ratio can be calculated using the stellar

population modelling for an observed color of the galaxies. Such an analysis per-

formed by Kauffmann et al. 2003 for a sample of the SDSS galaxies determined the

luminosity function weighted < M
L
> ratio of 1.5 with 20% uncertainty. Using this

estimate and SDSS galaxy luminosity function, stellar mass density is calculated

as Ω⋆ = 0.06± 0.03Ωb (Fukugita and Peebles, 2004; Blanton et al., 2003).

Molecular gas phase at low redshift is probed using CO molecule as a tracer.

Though a detailed survey of these molecules at low redshift has not been performed

yet, CO molecular mass density is calculated from other galaxy observables such as

H i mass, infrared flux density etc (Young and Scoville, 1991; Zwaan and Prochaska,

2006; Keres et al., 2003). The calculated molecular gas mass density is ΩH2
=

0.0029± 0.009Ωb.

Several 21 cm blind surveys have performed to detect matter in neutral H i

phase (Meyer et al., 2004; Zwaan et al., 2005, 1997; Rosenberg and Schneider, 2002).

HIPASS (Meyer et al., 2004) is an all Southern Sky Survey which identified 4315
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Figure 1.1: The observed distribution of baryonic matter z = 3 & z = 0

Figure 1.1 The schematic figure shows the distribution of baryonic matter at redshift

z = 3 and z = 0 in different phases in the universe. Compared to redshift z = 3, nearly

∼ 40% of the baryons are not detected in the low redshift universe. The hydrodynamic

simulations of structure formation suggested that these baryons are shock-heated to a

higher temperature 104 − 106 K.
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H i sources purely based on their H i content. The fraction of H i mass associated

with neutral gas phase in this survey is estimated by Zwaan et al. (2005) given

Ωneutral = 0.011± 0.001Ωb.

During the formative stages of the universe, a large fraction of the bary-

onic matter has collapsed into the galaxy-cluster environment called intercluster

medium (ICM) which then shock-heated to a high temperature with T > 107

K. The x-ray observations (eg, Reiprich and Böhringer, 2002; Boehringer et al.,

2017; Allen et al., 2008) within the local universe revealed the presence of such a

medium extending up to the virial radii of these galaxy clusters. Such observations

at X-ray wavelength show that the ratio of the gas mass to the dynamic mass of

all the clusters are more or less constant (fgas, is ∼ 0.11± 0.01, Allen et al. 2008).

Thus, for a known cosmological mass density of galaxy clusters, ICM contribution

can be calculated by simply multiplying the mass density of galaxy clusters by

their gas fraction (fgas). Using the galaxy cluster mass function of Rines et al.

2008, Prochaska and Tumlinson 2009 calculated the contribution of ICM to the

total baryonic density as ΩICM = 0.027Ωb. This show that there is a significant

fraction of baryons existing in the ICM of massive galaxy clusters.

Similar to the high redshift studies, gas in the ionized phase of IGM at low red-

shift is explored with the neutral fraction of H i in this gas phase. To calculate the

baryonic mass density, we need to know the column density distribution, photoion-

ization rate (Γ) and gas temperature (For a detailed description of this formalism,

see Schaye 2001). By adopting Γ = 10−13s−1 (Scott et al., 2000; Shull et al., 1999;

Weymann et al., 2001), TIGM = 38, 000 K (Paschos et al., 2009; Penton et al.,

2002; Davé et al., 2001), and f(NH i
, X) (Schaye, 2001), Prochaska et al. 2008

calculated the baryonic density of neutral gas phase as ΩLyα = 0.17Ωb. Similar

calculations performed by Danforth and Shull 2008 for a sample of 650 Ly-α ab-

sorbers over a redshift path of Δz = 5.27 and found ΩLyα = 0.29Ωb associated with

the photoionized gas phase. Compared to the baryonic density at high redshifts,

both these measurements are significantly less.

The estimated photoionization rate (Γ) and IGM temperature are uncertain

by several factors. Even if we count the uncertainties in Γ, temperature of IGM,

H i frequency distributions etc, the maximum amount of baryons recovered from
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this phase can be ΩLyα = 0.6Ωb. Thus, the total energy density of baryons

in all the forms at the low redshift universe including the ΩLyα upper limit,

Ωstars+ΩH2
+Ωneut+ΩICM +ΩLyα ∼ 0.75Ωb. Compared to the similar estimates

of baryons at redshift z = 3, the estimates lacks ∼ 30% of baryons at low redshift

(See, Figure 1.1). To understand this, we have to look carefully into the structure

formation scenario of the universe.

1.3 Structure formation and Evolution of Universe

In the previous section, we have seen the discrepancy in the observed energy den-

sity of baryons at redshift z ∼ 3 and z ∼ 0. Here, we will try to understand the

reason behind it with the help of hydrodynamic simulations of structure formation.

According to ΛCDM cosmology, the super-horizon growth of the primordial

fluctuations is responsible for the formation of large-scale structures in the uni-

verse. Simulating the growth of perturbations is the most efficient way to under-

stand the physical conditions and phase changes at various formative stages of

the universe (Bechtold et al., 1994; Dinshaw et al., 1997; Smette et al., 1992). A

recent simulation showing the evolution of a galaxy supercluster is shown in the

right panel of Figure 1.2 (Vogelsberger et al., 2014). At z = 4, most of the IGM

is in the form of the photoionized gas with temperature T ∼ 104 K. The growth

of perturbations and the formation of structures led to a change in the density

of dark matter, baryonic matter and also the temperature and metallicity in the

universe. Baryonic matter fell into the dark matter potentials of these structures

later collapsed under gravity and formed more and more stars and galaxies. The

radiation and shock waves from these sources can influence the thermal conditions

of the gas in this region. The process increases the temperature, metallicity and

the gas density of the gas in the circumgalactic regions.

The left panel of Figure 1.2 shows the observed galaxy distribution from the

SDSS survey in the scales of few hundreds megaparsec. The size of a single dot in

this plot could be of the size of a typical galaxy in the universe. On a large scale,

the distribution of galaxies forms structures called the cosmic web which is more
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or less consistent with the predictions from the simulations.

Figure 1.2: Large Scale Structure of the Universe

Figure 1.2 Left Panel: The observed galaxy distribution in the universe from SDSS

survey is shown in this Figure. The centre of the plot corresponds to redshift z = 0 is

the location of the observer from earth. As we move radially outwards from the centre,

the distribution of galaxies at higher and higher redshift can be seen. Right: This panel

shows the evolution of a galaxy super-cluster from an early epoch z = 4 to the present

(z = 0) in the Illustris simulation. The individual panels from left to right are the dark

matter, gas density, gas temperature and metallicity respectively.[Image credit : SDSS

and (Vogelsberger et al., 2014)]

A mathematical representation of the growth of dark matter perturbations is

as follows.

∂2δ

∂t2
+ 2

ȧ

a

∂δ

∂t
= 4πGρbδk +

c2s
a2

Δ2
~xδ (1.4)

∂2δk
∂t2

+ 2
ȧ

a

∂δk
∂t

= 4πGρbδk −
c2s
a2

k2 (1.5)

where the equation 1.4 represent the growth of perturbations in the real space and

equation 1.5 represent the same in the Fourier space. Here, δ(~x, t) = ρ(~x,t)−ρb(t)
ρb(t)

is

the over-density of baryons, cs is the velocity of sound in the medium, ’a’ is the

scale factor and ρb is the critical density of the universe respectively.

Without the expansion term in the equation 1.5 (this term acting as a drag
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force in this expression),

δ̈k = ω2δk (1.6)

ω2 = 4πGρbδk −
c2s
a2

k2 (1.7)

where ω2 > 0 ⇒ yeilds growing solutions, ω2 < 0 ⇒ yeilds oscillating solutions,

ω2 = 0 ⇒ is the Jean’s length respectively. The equation should have ω2 > 0 for

a realistic model of the universe.

The formation of structures is an exothermic process. During this process,

a large amount of energy will be transmitted to the distant regions of IGM in

the form of shocks. This can shock heat the IGM into a very high temperature

of the order T ∼ 105 − 107 K. The gas in these regions are difficult to detect

via observations due to their low surface brightness (in emission) and low neutral

hydrogen fraction (in absorption). Heating of gas through collisional ionization

can also happen from shock waves produced by supernova explosions that occur

in overdense regions. For example, in very large structures like galaxy clusters,

these shock waves can increase the temperature of the medium to T > 107 K. The

gas in such conditions are detected from their X-ray emission at the low-redshift

universe. Similar events can raise the temperature of the medium to 105 − 106 K

in slightly smaller structures, like galaxy groups or even in the halo gas in isolated

galaxies. The X-ray emission from galaxy groups and individual galaxies are too

faint to be detected. The only way to detect this gas is from their absorption lines

observed in distant QSOs which is challenging due to the low neutral hydrogen

fraction. The undetected gas in these hot plasma at temperature 105 − 107 K,

predicted by simulations, is presumably the reason behind the ∼ 30% of missing

baryons in the low-redshift universe .

A detailed description of the phase transformations that happen to baryons as

a result of the structure formation of the universe is given by the hydrodynamic

simulations of Cen and Ostriker (2006, 1999). The simulation is normalized to

the temperature measured from the CMB fluctuations (Bunn and White, 1997)

and the observed abundance of galaxies and clusters (Cen and Ostriker, 1999;

Ostriker et al., 1995; Riess et al., 1998) in the local universe. In the simulation,
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Figure 1.3: Evolution of the Universe from Simulations

Figure 1.3 Top Left: The observed galaxy distribution from SDSS survey. The center

of the plot is the observer’s location. As you go out from the central region, you are

probing higher and higher redshift. Top Right: Right panel shows the distribution

warm hot baryons in the local universe from Cen and Ostriker (2006) simulation. The

color code in the plot indicates the overdensity of the regions. The Green regions in the

plot corresponds to an overdensity of 20-40, yellow corresponds to overdensity of 100

and red an overdensity of 1000 respectively.Bottom Panels: The left panel shows the

dark matter structures of a large supercluster from Illustris simulation. The right panel

shows the evolution of this structure from an early epoch of z = 4 to present z = 0

universe. The individual panels from left to right are dark matter, gas density, gas

temperature and metallicity respectively. The Figures are taken from Cen and Ostriker

2006.

three of the major components affects the structure formation are dark matter,

ordinary gas/baryons and galaxies and the changes in each of these components

are closely followed. The star formation process in the young galaxies causes feed-

back flow into the CGM/IGM. This is given to the simulations in the form of

supernova thermal energy output, UV photon output and also the mass injection

from supernova explosions to reproduce the observed UV background, metallicity
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distribution, and star formation history. The Cen and Ostriker (2006) model im-

proved with additional feedback in the form of galactic superwind.

The simulation classifies baryonic matter into four phases on the basis of their

over-density and temperature (Davé et al., 2001; Cen and Ostriker, 1999, 2006).

The gas corresponding to Lyα absorptions from the low-density intergalactic re-

gions ( diffuse gas phase T ∼ 105 K, δ < 1000), the matter associated in condensed

objects like stars and galaxies condensed gas phase ( condensed gas phase, T ∼ 105

K, δ > 1000), the X-ray emitting gas with temperature T > 107 K ( hot phase,

T > 107 K) and the warm - hot phase of IGM with temperature 105 < T < 107

K. The evolution of these four phases in the simulation is shown in Figure 1.3.

The radiations in the early universe (z ∼ 3) kept the IGM ionized and main-

tained the temperature around T ∼ 104 K. The formation of structures led to

an increase in density at some regions (over density) where the matter slowly

condensed and formed galaxies. The formation of structures increased the tem-

perature of the gas phase monotonically with time. The peak temperature of the

medium calculated from shock waves formed during the formation of large-scale

structures can be estimated using the following equation.

Tnl ∝ c2nl = K(HLnl)
2 (1.8)

where Tnl is the peak temperature, Lnl is the length scale, t is the perturbation

collapse timescale and K is a constant respectively. As the universe evolves, the

shock-heating of IGM can increase the temperature of a significant fraction of the

baryons to a high-temperature gas phase called Warm-Hot Intergalactic Medium.

1.4 Warm- Hot Intergalactic Medium [WHIM]

All the popular cosmological simulations predict approximately ∼ 30% of the

baryons in a Warm-Hot Intergalactic Medium (or WHIM) with temperature within

105 − 107 K and an overdensity of δ ∼ 20 irrespective of the algorithm, resolu-
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Figure 1.4: Physical Conditions of Warm - Hot baryons

Figure 1.4 Physical conditions of WHIMs from simulations (Figures are from

Davé et al. 2001). Top Left: The distribution of WHIM gas at redshift z = 0 from

four different simulations are shown. Here, D1 & D2 are the simulations running with

parallel tree smoothed particle hydrodynamics ( PTreeSPH ) and C1 & C2 are running

with total variation diminishing particle-mesh (TVD-PM) algorithm. Irrespective of

the code used, all these simulations predict maximum WHIMs in spacial locations with

overdensiy of between 30 -100. Top Right: The plot show the spacial distribution of

WHIMs at different epoch of the universe from simulation D1. Bottom Left: The

panel shows the temperature evolution of WHIMs at different epoch. Bottom

Right: The temperature density correlation of WHIM gas.

tion and input parameters (Davé et al., 2001; Cen and Ostriker, 2006, 1999). The

natural occurrence of WHIM in simulations is a direct solution for the "missing

baryon problem" at low redshift.

The Top left panel of Figure 1.4 show a spacial distribution of WHIM in four

different cosmological simulations (Davé et al., 2001). The simulations D1 and

D2 run with Parallel Tree SPH (Davé et al., 1997) algorithm and the C1, C2
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simulations run with TVD-PM (Ryu et al., 1993) (For details, see Davé et al.

2001). The Figure shows the fraction of baryons associated with WHIM in all

the four simulations dominates at an over-density of δ ∼ 10− 30. An overdensity

> 60 corresponds to a typical galaxy group/ cluster environment which consists of

∼ 10− 25% of WHIMs. This means a vast majority of WHIM gas resides outside

of virialized structures probably in large-scale filaments of the cosmic web.

The evolution of WHIM with redshift in one of the simulation is shown in the

Top right and Bottom left panels of the Figure 1.4. An increase in the baryonic

fraction associated with WHIMs as the universe evolves from z = 3 to z = 0 is

shown here. During the evolution, there is no significant change in the spatial

distribution of WHIMs which is dominated in the regions with over-density δ

between 10− 100. However, temperature distribution shows a shift in their peeks

temperature from 106 K to 4×106 K with the evolution of the universe from z = 3

to z = 0.

How does the gas heat up to such a high temperature? One possibility is the

heating of IGM via non-thermal processes such as supernova explosions. However,

the effect of supernovae heating is dominated in the high-density regions which

are less effective in the low-dense regions where most of the WHIM gas resides.

Though supernova effects can have a non-zero contribution in the origin of WHIM,

it is unlikely to be the process responsible for WHIM. The shock waves formed

during the formation of large-scale structures can shock-heat IGM gas to very high

temperature is one another possible scenario. The increase in peak temperature

during the formation of mild nonlinear structures in the simulation can be calcu-

lated using the equation 1.8. For K = 0.3, the peak temperature obtained from

this formula is marked with a downward arrow in the bottom left panel of Figure

1.4. For all the redshift from z = 3 to z = 0, the temperature derived from this

formula is consistent with simulations. Also, WHIM gas show a temperature -

density correlation ρ ∝ T with significant scatter (Bottom right Figure 1.4). This

is different from the typically observed relationship between ρ and T (ρ ∝ T 1.7)

in the diffuse gas phase. The consistency of WHIM with the temperature derived

from gravitational shock waves, and also their inconsistency with a normal diffuse

gas phase suggested a shock-heated origin of WHIM gas (Davé et al., 2001).

15



Though the existence of WHIMs is a natural outcome from simulations, their

detection remains a challenging task for observational astronomers. At 105−107 K

temperature. A Bremsstrahlung continuum emission is expected from the medium,

but the low surface brightness prevents their detection from the current genera-

tion X-ray telescope. However, in large virialized structures like galaxy clusters,

free-free emission from this region is detectable. It is found that the matter in

inter-cluster medium contributes to more baryons in clusters like this (Allen et al.,

2002). There were several similar attempts to study X-ray emission/ absorption

lines from WHIM. From the X-ray absorption of O vii Kα, a hot halo at tempera-

ture ∼ 106 K is detected around the Milkyway using XMM-Newton and Chandra

observations (Nicastro et al., 2002; Rasmussen et al., 2003; Williams et al., 2006,

2005; Wang et al., 2005; Fang et al., 2006; Bregman and Lloyd-Davies, 2007). As

of now, there is no detection of WHIMs outside of the local group. A detection

of WHIM towards Mrk 421 is claimed by Nicastro et al. 2005 from the X-ray

absorption of O vii 21.60 line. However, an independent study of the source by

Kaastra et al. 2006; Rasmussen et al. 2006 unable to find any evidence for it. Sim-

ilarly, there are claims for the detection of WHIM towards H1821+643 which is

not convincing either. In short, the gas in WHIM is not yet detected beyond local

group in X-ray emission/ absorption.

UV absorption line studies of metal lines are one way to detect warm - hot

baryons in the universe. At the lower end of WHIM temperature, most of the

hydrogen will be in ionized state (fH i
= 10−6 ). At such low neutral H i fraction,

detection of hydrogen transitions requires high S/N UV spectrum. However, the

absorption lines from the highly ionized metal lines can be used to detect warm

-hot baryons in the lower end temperatures (105 − 106 K).

1.5 Physical Conditions of gas in IGM/ CGM

Before proceeding further ahead, it is useful to discuss some of the processes that

have kept the IGM ionised throughout the observable history of the universe. In

this section, we discuss the two common ionization processes, photoionization and

collision ionization in detail.
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1.5.1 Photoionisation Process

Photoionization is the process in which the interaction of photons with atoms/

molecules/ ions changes their ionization state from a lower energy state to higher

energy state. If X is the atom/ molecule/ ion in a lower ionization state, ’hν’ is

the energy of the incident radiation, then the process can be represented as shown

below.

X + hν → X+ + e− (1.9)

where X+ is the same atom/ molecule/ ion in their higher ionisation state and e−

is the electron ejected during this event. The inverse of this process is also possible,

known as radiative recombination. In this process, an ion in a higher energy state

combines with electron and forms atom/ molecule/ ion of lower energy state with

the release of a photon of energy ’hν’.

X+ + e− → X + hν (1.10)

The photoioniation rate (γ) per unit volume of an optically thin, pure hydrogen

medium of neutral density nHI is given by:

γ = nHI

�

∞

νL

4πJνσH(ν)

hν
dν (1.11)

where Jν is the mean intensity of the radiation (ergs cm−2 S−1Hz−1), h is the

Planck’s constant, σH(ν) is the absorption cross-section of hydrogen atom at fre-

quency ’ν’.The rate of recombinations per unit volume is given by nenpσA(T )

where ne, np are the density of radiation, σA(T ) is the ionization cross-section of

the hydrogen atom at the particular energy state.

In general, the timescale for any dynamical change in the astrophysical con-

ditions of a system is much higher than the ionization and recombination time

scales. Hence, photoionization is a valid approximation in most astrophysical con-

ditions. At photoionization equilibrium, both the rate of ionization and rate of

recombination will be balanced. ie,

nHI

�

∞

νL

4πJνσH(ν)

hν
dν = nenpσA(T ) (1.12)
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Figure 1.5: Evolution of UV background

Figure 1.5 The emissivity of H i ionizing photons contributions from quasars

calculated by (Haardt and Madau, 2012, hereafter HM12) and (Khaire and Srianand,

2015a, hereafter KS15) is shown for comparison. For redshift z < 3.5, the quasar

emissivity of KS15 is higher than HM12 by a maximum difference of factor 2.1. The

figure is taken from KS15.

The ionization ratio at photoionization equilibrium is given by :
nHI

np
=

tionization

trecombination

.

Here, nHI is the neutral hydrogen density of the medium, ne− is the elec-

tron density, np is the proton density, tionization is the ionization time scale and

trecombination is the recombination time scale respectively.

UV Background Radiation

The study of quasar absorption lines showed that gas in IGM at z < 6 is mostly

ionized with an average neutral H i fraction of fH i
∼ 10−4. The ionization of this

gas is by the radiation from luminous sources such as young star forming galaxies

and quasars. As the gas in the IGM is located in the desolate regions of space

where there is no influence from any local radiating sources, the average radiation
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from the global population of star forming galaxies and quasars will decide the

nature of the ionization gas at an epoch. The Far UV region of this spectra with

λ < 1000 Å responsible to keep the IGM gas ionized is known as UV background

radiation. Radiation with wavelength λ > 1000 Å is known as Extragalactic Back-

ground Light (EBL).

UV background radiation is an essential ingredient required for the understand-

ing of physical and chemical properties of IGM gas. This includes the study of

re-ionization of H i and He ii, ionization properties of various metal lines systems

etc. It is also an important parameter required for cosmological simulations.

Generally, the intensity of UVB radiation at a frequency ν0 can be calculated

from the following expression.

Jν0(z0) =
c

4π

�

∞

z0

dz
dt

dz

(1 + z0)
3

(1 + z)3
ǫν(z)e

−τeff (ν0,z0,z) (1.13)

where Jν0 in unit of ergs cm−2 S−1Hz−1, τeff is the effective optical depth, ν is the

photon frequency and z is the redshift respectively. Standard ΛCDM cosmology

defines the term dt
dz

as follows:

dt

dz
= (H0(1 + z)

�

Ωm(1 + z)3 + ΩΔ)
−1 (1.14)

where the terms have their usual meaning in cosmology. For solving eqn 1.13, two

observational inputs are required, τeff and ǫν . If we assume the contribution of

effective optical depth is only from hydrogen and helium,

τnu = NH i
σH i

(ν) +NHe i
σHe i

(ν) +NHe ii
σHe ii

(ν) (1.15)

With the lack of observations of helium column density, their measurement is

derived from H i column density measurement. The contribution of ultraviolet

background emissions are mainly be from QSOs, stars in galaxies and the diffuse

emission from IGM clouds. The total emissivity of IGM from these sources can
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be calculated using

ǫν(z) = (1 + z)3[ǫQν (z) + ǫGν (z) + ǫdiffν (z)] (1.16)

It has been pointed out that Haardt and Madau (2012, hereafter HM12) ul-

traviolet background’s estimate of the hydrogen ionizing rate at low-z is lower by

a factor of ∼ 2−5 (Kollmeier et al., 2014; Shull et al., 2015; Wakker et al., 2015).

Khaire and Srianand (2015a, hereafter KS15) show that this discrepancy is re-

solved by incorporating in the synthesis of the background spectra, the recent mea-

surements of quasar luminosity function (Croom et al., 2009; Palanque-Delabrouille et al.,

2013) and star formation rate densities (Khaire and Srianand, 2015a). Figure 1.5

compares the emissivity from quasars calculated by KS15 with other popular mod-

els. At low redshift, the equilibrium fractions of high ionization species like O vi

will be primarily affected by the factor of two increase in the QSO emissivity,

whereas the low and intermediate ions will be affected by the enhancement in

both galaxy and QSO emissivities. In the work presented in subsequent chap-

ters of this thesis, we have investigated the physical & chemical properties of the

intervening absorbers with the KS15 ultraviolet background.

1.5.2 Collisional Ionisation

Ionizations via collisions is one another plausible heating mechanism possible in

the intergalactic medium. Here, the ions are produced by the collisions with other

atoms/ molecules/ ions. The reverse process is known as recombination where an

ion combines with electron and form a neutral atom or an ion with lower ioniza-

tion state. In astrophysical conditions, it is not necessary that all processes have

to satisfy the collisional equilibrium conditions. In fact, most of the processes

that we are familiar are following the non-equilibrium cooling process. However,

for simplicity, the analysis in this thesis considers only the collisional ionization

equilibrium models with the changes expected from non-equilibrium conditions

commented on.

A collisional ionization equilibrium is a balance between ionization and re-
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combination processes via collisions. Let us consider Iz is the ionization rate of an

atom to change from an ionization state z to (z + 1), Rz recombination rate from

ionization state z to (z − 1). At Ionization equilibrium,

nzIz + nz+1Iz+1 = nzRz + nz+1Rz+1 (1.17)

It the atoms are in their neutral energy state,

n1R1 = n0I0 (1.18)

The equation 1.18 can be extended further using induction method. In general,

the number of ions in any state in Collisional Ionisation Equilibrium(CIE) is given

by

nn+1R1 =
nnIn
Rn+1

(1.19)

This means, at collisional ionization equilibrium, the number of ions at an

energy level is independent of density. It depends only on the rate of ionization

and recombination which is a function of temperature.

1.5.3 Higher Ionization Absorption lines as a tracer of Warm

- Hot baryons

From the simulations, it is clear that most of the WHIM gas is not a part of any

virialized structure, but around 20% of these baryonic matter exists in the regions

with over-density (δ) > 60. Compared to the low density, low metallicity regions

with δ < 30, WHIMs in the regions with δ > 60 are easy to detect from metal

absorption lines.

Some of the common lines that serves as the diagnostics of WHIMs are O vi,

O vii, Ne viii and Mg x with ionization energy of 113.9, 138.1, 207.3 and 328

eV respectively. The energy produced by the stars in galaxies are not sufficient to

produce these ions. However, the non-thermal radiation from quasars and other

active nuclei can produce higher ions in their neighbourhood. The ionization

conditions of the intergalactic medium will be decided by the average radiation

from all the sources including quasars and galaxies. This radiation field (UV
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background) in some cases is found not hard enough to produce ions such as O vi

and Ne viii. In such cases, the detection of these ions in the intergalactic medium

can be evidence for collisional ionization the existence of warm-hot plasma with

temperature 105 − 107 K. At present, the absorption studies in X-ray wavelength

is not as efficient as in ultraviolet regime. Thus, most of our studies were based

on the transitions of Ne viii and O vi in the ultraviolet region.

The origin of Ne viii in the intervening absorbers is ambiguous. An ionization

process that simultaneously include collisional and photoionization processes asso-

ciate Ne viii with moderately dense gas with nH ∼ 10−5 cm−3 at warm tempera-

tures of T ∼ 5×105 K with collisions dominating the ionizations (Narayanan et al.,

2011a; Tepper-García et al., 2013). However, at this temperature and moderate

density, the gas can radiatively cool rapidly within timescales of tcool < 108 yrs to

a gas phase of T ∼ 104 K where photoionization dominates. By using the updated

extragalactic background radiation of KS15, Hussain et al. 2017 showed that the

Ne viii absorbers are most likely to be tracers of collisionally ionized gas if the gas

metallicity is low (Z < 0.1 Z⊙) such that the cooling is slow. If the metallicity is

super-solar as Hussain et al. 2017 predict, then to keep the temperature to values

of T > 105 K would require a constant injection of energy which can compensate

for the rapid metal-line cooling. In the absence of such an energy input, gas at

temperature T > 105 K with solar or higher metallicity will cooldown to T ∼ 104

K within timescales of tcool < 108 years. Thus, Ne viii can have an origin in cool

gas phase provided the abundances are super-solar. Production of Ne viii through

photoionization alone is possible in the presence of a hard radiation field such as

the absorbers close to the central engines of quasars (Petitjean and Srianand, 1999;

Ganguly et al., 2006; Muzahid et al., 2012).

The choice between photoionization and collisional ionization origin is much

more divided for the O vi class of absorbers (Tripp et al., 2008; Oppenheimer and Davé,

2009; Tepper-García et al., 2011). One of the earlier work in the field by Tripp et al.

2000 quoted that theoretical considerations favour the origin of O vi via colli-

sional ionization, but can not rule out the possibility of photoionization. Also,

they predict the effect of cooling can vary the collisional ionization equilibrium

conditions. The favourable scenario predicted by this model is a non-equilibrium
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cooling process. Examining the ionization processes in this absorbers are impor-

tant in determining the total baryonic contents in these absorbers. O vi arising

in collisionally ionized warm gas can hold 10 times more baryons than a pho-

toionized cooler O vi gas phase. Quasar absorption line surveys have discovered

more than 100 O vi absorbers at low-z (Tripp et al., 2000, 2008; Savage et al.,

2002; Danforth and Shull, 2005; Thom and Chen, 2008a,c; Savage et al., 2014;

Tumlinson et al., 2011a; Danforth et al., 2016). In a significant number of these

cases, the O vi 1031, 1037 lines are found to be consistent with gas at temperature

ranging from 105 to 106 K (Tripp et al. 2000; Savage et al. 2002; Howk et al. 2002;

Savage and Lehner 2006; Danforth and Shull 2008; Lehner et al. 2009; Narayanan et al.

2010a,b; Savage et al. 2011a; Narayanan et al. 2012; Savage et al. 2014; Pachat et al.

2016). Among these are also instances where the warm gas is directly evident (in-

dependent of ionization modelling) through the presence of thermally broad Lyα

absorption (BLA, b(H i) > 40 km s−1) associated with the O vi.

The first detection of O vi in the intervening absorber is Sargent et al. (1988).

However, the detection is less certain because of the influence of Lyα forest. From

a composite spectrum consist of C iv absorbers, Lu and Savage (1993) reported a

firm detection of O vi doublet lines in the intervening absorber. From the GHRS

and FOS spectra of Hubble Space Telescope, Savage et al. 1998 detected another

O vi transitions towards H1 821+643 from an absorber at zabs = 0.225. Later on

with the much-advanced facilities like STIS/ FUSE, the detection of intervening

O vi lines became a common practice (Tripp et al., 2000; Sembach et al., 2000;

Savage et al., 2002).

The first major survey of a search of O vi absorbers was done by Danforth and Shull

2005. In this survey, they searched 30 AGN sightlines where 40 O vi absorbers

were detected in a total of 129 Lyα absorbers. This study concludes that a max-

imum of ∼ 10% baryons are present in the WHIM over a redshift path length of

Δz < 2.2. A similar study of Tripp et al. (2008) detected 51 O vi absorbers with

77 individual components at redshift z < 0.5 towards 16 low redshift quasars. This

followed by a series of O vi survey (Danforth and Shull, 2005; Danforth et al.,

2006; Danforth and Shull, 2008; Tripp et al., 2008).
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Figure 1.6: O vi Correlation

Figure 1.6 Top Panel: The plot show the column density of O vi and the

corresponding H i from Danforth et al. 2016. The black circles are the samples from

this study and the green triangles are the samples from COS-Halos survey of

Tumlinson et al. (2011a). No correlation between O vi and H i column densities

observed. Bottom Panel: The change in multiphase ratio [N(H i)/N(O vi)] with H i

column density is shown. A weak correlation correlation between these quantities with

a power low index 0.86 ± 0.01 is observed which is marked with the dotted red line.

The Figures are taken from Danforth et al. 2016.
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The recent results of Danforth et al. 2016 reported 280 O vi absorbers is the

largest O vi survey sofar. The comparison between H i and O vi column density

is shown in Figure 1.6 which is not showing any correlation between these two

ions. The plot shows the column density of O vi varies within 1013 − 1015 cm−2

whereas associated H i varies in a larger1012 − 1018 cm−2 range. Danforth et al.

2006 defined a quantity called multiphase ratio [N(H i)/N(O vi)] is plotted in

the bottom panel of this figure show a weak correlation between these quantities

N(H i)/N(O vi) ∝ N(H i)/(1014) cm−2.

The evolution of O vi absorbers with redshift can be followed by dN /dz, the

cumulative distribution of O vi with redshift can be fitted with a broken power

low with a break around log N(O vi) ∼ 13.9. For weaker absorbers, a power

law index, β ∼ 0.55 is used whereas for stronger absorbers β ∼ 2.5 for strong

absorbers. From the dN /dz, it is found that ∼ 11% of the IGM gas can be

detected from O vi absorptions. The value calculated here is less than previous

estimates (Danforth and Shull, 2008; Danforth et al., 2006) due to the improved

ionization corrections used.

Compared to the detection of O vi, the detection of Ne viii is rare. So far,

there are only 10 instances of Ne viii detection in the intervening absorbers

(Savage et al., 2005, 2011a; Narayanan et al., 2009, 2011a; Meiring et al., 2013;

Hussain et al., 2015; Qu and Bregman, 2016; Tripp et al., 2011; Bordoloi et al.,

2016). Among them, only one absorber at z = 0.5996 towards PG 1407 + 265

is favouring an origin via photoionization (Hussain et al., 2015). The remaining

absorbers were tracing a gas phase with T ∼ 5 × 105 with subsolar metallicity.

Hence, the detection of Ne viii line is a better tracer of WHIMs compared O vi.

A better understanding of these absorbers required to have a large sample Ne viii

absorbers.

Along with a search of higher ions by seeking the evidence for warm-hot baryons

at low redshift, it is also important to establish the evolution of these ions over

time. For example, the high redshift O vi survey of Muzahid et al. 2012 detected

72 O vi absorbers from 105 C iv sample towards 18 QSO sightlines where they

find the column density distribution and gas temperatures are similar to the low
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redshift absorbers, but the absorptions are systematically narrower with a low-

ered non-thermal contribution. The limits in FUV observations make a similar

study of most of the ions impossible. Hence, it is useful to find new candidates

which can probe similar ionization conditions at high redshift. We find, Ne v

357 which have an ionization energy comparable with O vi ions is accessible from

COS wavelength range at redshift z > 2.2. In a search towards the quasar sight-

line HE 2347-4342, we detected five intervening Ne v absorbers. The thesis also

discusses the detection of these Ne v absorbers where their origin has a similar

ambiguity observed for O vi ions in the low redshift IGM.

1.6 Organisation of the thesis

This thesis is an observational study of warm - hot baryonic matter in the inter-

galactic & circumgalactic medium. The detection of this gas phase is an important

task in low redshift universe as it contributes a significant fraction of baryons at

the present epoch. The detection of warm -hot baryons is expected even at high

redshift even though the frequency of their detection can be very small. Though

there is evidence from simulations that a significant fraction of baryons is there

in warm-hot intergalactic phase, it is also important to detect them observation-

ally. In this thesis, we discuss some of the intervening absorbers which show the

evidence for such a warm-hot medium. We investigated three different metal line

absorbers, O vi, Ne viii and Ne v in this thesis.

1.6.1 Chapter 2 - Quasar Absorption Line Spectroscopy

This chapter will provide an overview of the quasar absorption line spectroscopy.

In this chapter, I will discuss the technique of quasar absorption spectroscopy,

methods of line identification, the classes of absorbers, estimation of line parameter

such as equivalent width, apparent optical depth, column density etc.
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1.6.2 Chapter 3 - Detection of a Ne viii absorber at z =

0.61907 probing warm-hot gas

This chapter discuss the detection of a Ne viii absorber at z = 0.61907 in the

HST/COS spectrum of background quasars SDSS J080908.13 + 461925.6. The

Ne viii 770 line is at ∼ 3σ significance. The Ne viii is found to be tracing gas

with T & 105 K, predominantly collisionally ionized, with moderate densities of

nH . 10−4 cm−3, sub-solar metallicities and total hydrogen column densities of

N(H) & 1019 cm−2. The low, intermediate ions and O vi are consistent with an

origin in photoionized gas, with the O vi potentially having some contribution

from the warm collisional phase traced by Ne viii. The absorbers are residing in

regions where there are several luminous (& L∗) galaxies.

1.6.3 Chapter 4 - Detection of a Ne viii absorber at z =

0.57052 probing warm-hot gas

Another detection of a Ne viii absorber at redshift z = 0.57052 in the HST/COS

spectrum of background quasar SBS 1122 + 594 is discussed in this chapter. The

absorber has H i absorption in at least three kinematically distinct components,

with one of them having b(H i) = 49 ± 11 km s−1. The intermediate ionization

lines, O vi and Ne viii are coincident in velocity with this component. Their

different line widths suggests warm temperature of T = (0.5 − 1.5) × 105 K for

the absorber which is predominantly collisionally ionized, with moderate densities

of nH . 10−4 cm−3, sub-solar metallicities and total hydrogen column densities

of N(H) & 1019 cm−2. The absorber is within the virial radius of a 2.6L∗ galaxy,

possibly associated with shock heated circumgalactic material.

1.6.4 Chapter 5 - Detection of a pair of O vi absorbers at

z ∼ 0.4 probing warm-hot gas

This chapter discuss the detection of two O vi absorbers at z = 0.41614 and

0.41950 separated by |Δv| = 710 km s−1, towards the background quasar SBS 0957+

599. The low and intermediate metal species in the z = 0.41614 absorber are con-
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sistent with an origin in a medium dominated by photoionization. The O vi

line in the absorber has a velocity structure different from other metal species.

Corresponding to the centroid velocity of O vi, the Lyα shows a shallow and

broad feature. The different line widths of these lines solve for a temperature of

T = 7.1 × 105 K where the absorber is dominated by collisional ionization. The

total column density of this phase is N(H) = 2.8 × 1020 cm−2, which is an order

of magnitude higher than the total hydrogen in the cooler photoionized gas. The

second absorber is detected only in H i and O vi where the origin of O vi is from

a low-density photoionized gas. A broad component observed in the Lyα provided

an evidence for a separate gas phase with temperature T . 2.1× 105 K. The dis-

tribution of galaxies relative to the absorbers suggests that the line of sight could

be intercepting a large-scale filament connecting galaxy groups.

1.6.5 Chapter 6 - Ne v absorbers at at high redshift IGM

This chapter will discuss the detection of five intervening Ne v absorbers at red-

shift z = 2.7356, 2.4382, 2.3475, 6910 and 2.3132 respectively. The metal lines of

C iv, O vi, and Ne v is consistent with a photoionized origin in the z = 2.3132

absorber. None of the remaining absorbers can explain the observed ion ratios

with simple photoionization. The ionization ratio of the z = 2.6910 absorber can

be reproduced neither via photoionization nor collisional ionization. A neighbour-

ing foreground quasar within 100 km s−1 from this absorber is observed which

can influence the ionization conditions of this absorber. Similarly, a foreground

quasar is observed within ∼ 3400 km s−1 of the z = 2.7356 absorber. Another two

absorbers at z = 2.4382 and z = 2.4887 also can not produce via photoionization

of UVB alone, does not show any evidence for proximity effect from any detected

quasar suggest the possibility of warm - hot baryons at this redshift.

1.6.6 Chapter 7 - Summary & Conclusions

This chapter will provide a summary of the thesis, conclusions and future direc-

tions to address the detection of warm-hot baryons in the universe.
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CHAPTER 2

Quasar Absorption Line Spectroscopy

2.1 Introduction

Quasars are distant bright objects with a relatively flat continuum in the entire

electromagnetic region. The study of absorption lines in the spectra of these

objects is the most successful method to understand the diffuse gas in the inter-

galactic and circumgalactic regions. This chapter is an overview of the technique of

quasar absorption spectroscopy, classification of absorbers and some of the terms

and definitions used in QSO spectroscopy.

2.2 Quasar Absorption Line Spectroscopy

From the discussions of chapter 1, we have seen that majority of the baryonic

matter in the universe resides outside of virialized structures in a diffuse gas phase

known as the intergalactic medium. When the light from distant quasars passes

through the medium, various chemical elements in this medium selectively absorb

a certain wavelength of the quasar continuum produces absorption lines on top of

it. From the study of these absorption lines, the physical conditions and chemical

abundances of the medium can be determined. This method of analyzing the

quasar spectra and deriving the properties of the medium is known as Quasar

Absorption Line Spectroscopy is illustrated in the cartoon 2.1. The method is not

biased towards the brighter objects is one of the major advantages of this.

Most of the prominent atomic transitions from atoms/ ions are in the far ul-

traviolet region. The most common line in a quasar spectra is the Lyα line with

a restframe wavelength of λrest = 1215.67. Absorption lines from higher order

Lyman series lines and metals lines such as O, N, C, S etc are typically seen.

Some of the common lines observed in quasar spectra are tabulated in Table 2.1.



Figure 2.1: Quasar Absorption Spectroscopy

Figure 2.1 The cartoon illustrates QSO absorption spectroscopy. The red bi-lobular

structure shows the background QSO. The radiation from this quasar passing through

intergalactic medium interact with the diffuse gas in this medium. This produce

absorption signature on the top of the quasar spectrum which can be detected from

earth/ space with different telescopes. An illustration of the spectra is shown in the

bottom panel. The change in colour observed on the spectra corresponds to the of

cosmological redshift due to the expansion of the universe. This figure was adapted

from Edward L. Wright web site.

If the absorber is at high redshift, these transitions will be shifted to optical- IR

region due to Hubble expansion which then becomes detectable with ground-based

telescopes. However, the study of low redshift IGM requires observations in the

ultraviolet regions which is possible only with space-based observations.

The observed spectra of a quasar HE 2347 − 4342 in the visible and far ul-

traviolet regions are shown in Figure 2.2. The broad emission line observed at

λ = 4750 Å is the Lyman-α line associated with HE 2347 − 4342. Bluewards of

this emission line, plenty of narrow absorption lines are observed. Most of these

lines are Lyman-α absorptions produced from the intergalactic gas with redshift

zabs < zem. These narrow lines are called Lyman-α forest lines. The narrow lines
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Table 2.1: Some Common lines observed in QSO Spectra

Transition λ (Å) f γ

H i 1216 1215.6701 0.416400 6.265E8

H i 1026 1025.7223 0.079120 1.897E8

H i 972 972.5368 0.029000 8.126E7

. . . . . . . . . . . .

C ii 1335 1334.5323 0.127800 2.870e8

C ii 1036 1036.3367 0.1231 2.270e9

Si ii 1260 1260.4221 1.180000 2.950E9

Si ii 1193 1193.2897 0.582000 4.070e9

Si ii 1190 1190.4158 0.292000 4.080E9

C iv 1548 1548.195 0.190800 2.654E8

C iv 1551 1550.770 0.095220 2.641E8

Si iv 1394 1393.7602 0.513000 8.800e8

Si iv 1403 1402.7729 0.254000 8.620e8

N v 1239 1238.821 0.157000 3.411e8

N v 1243 1242.804 0.078230 3.378e8

O vi 1032 1031.9261 0.132500 4.149e8

O vi 1038 1037.6167 0.065800 4.076e8

. . . . . . . . . . . .

Table 2.1 Some of the commonly observed lines in the QSO spectra are tabulated.

The columns from left to right are the atomic transitions, the wavelength of the

transitions, oscillator strength of each transition and gamma values of these transitions.

The atomic data is taken from Morton 2003.
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redwards of the emission lines include FUV absorption from metal species and

higher-order Lyman series lines. The HST/COS spectra of the quasar show a

strong Lyman-α emission from Milkyway at λ ∼ 1216 Å. The stong lines observed

at λ < 1190 Å is from He ii absorption.

In general, depending on the separation from background quasar, absorbers

are broadly classified into Intrinsic and Intervening absorbers. The classification

of absorbers are separately discussed in Section 2.3.

2.2.1 Analysis of the Spectra

Line Identification & Selection of Absorbers

The focus of this thesis is to study the properties of highly ionized metal lines

of O vi, Ne viii and Ne v absorbers. Among this, O vi and Ne viii ions have

doublet transitions in the far ultraviolet region which is accessible at z > 0.4 for

HST/COS. The wavelength separation between doublet lines scale with redshift

as (1+ z), and their absorption strength is proportional to (f × λ), both of which

help in the identification of doublet lines. Once a line is identified, from the ob-

served redshift of this absorber, remaining lines can be detected. All the absorbers

discussed in this thesis are identified from a search for the comparatively strong

doublet transitions of O vi ions.

From the detected O vi absorbers, we find two of the system shows a marginal

detection of Ne viii and one with a presence of a Broad Lyman Alpha (BLA)

component. In a search towards the high redshift quasar sightline, we also detected

intervening Ne v 357 absorbers. These are the samples discussed in this thesis.

Absorber Redshift

The observed spectrum of an extragalactic source will be shifted towards higher

wavelength due to the expansion of the universe. The shift in the spectral line is
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Figure 2.2: Spectra of the quasar HE 2347− 4342

Figure 2.2 The observed spectra of HE 2347 − 4342 using Very Large Telescope

(VLT/UVES) and HST/COS is shown in the above panels. The broad emission line

observed at λ ∼ 4700 Å is the intrinsic Lyman α line. The dence forrest lines in the

spectra with λ > 4700 Å is the intervening Lyman-α forest lines. The lines observed at

λ < 4700 Å are mostly metal lines. At λ ∼ 1150 Å, there is a stong absorption He ii

absorption. This spectra also contain FUV absortpions from intervening and associated

metal lines.( The VLT/UVES spectrum shown here is observed as a part of the

programme ’The Cosmic Evolution of the IGM’ (Bergeron et al., 2004). COS data is

obtained from the MAST public archive.)

represented by the quantity called redshift (z).

(1 + zabs) =
λobs

λrest

(2.1)

The redshifts of the absorbers quoted are based on any of the unsaturated metal

lines in the absorber. For the absorbers with multiple components, the median
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Figure 2.3: Spectral Lines

Figure 2.3 Top Panel A small region of the normalized spectra of SBS 0957 + 599

from HST/COS observation is shown. The O vi doublet transitions from two

neighboring absorbers at redshift z = 0.41614 and z = 0.41905 are marked with green

dashed and pink dotted lines. Bottom Panel The O vi transitions in the z = 0.41614

absorber is represented in the restframe of the absorber.

of their optical depth is taken as the absorber redshift. For example, in Figure

2.3, the O vi 1032 transition of an absorber is observed at λ = 1461.35 Å. From

the shift in the wavelength from 1031.9261 Å to 1461.35 Å, the redshift of the

absorber is calculated as zabs = 0.41614.

Restframe velocity of the absorber

TThe absorbers are usually represented in their restframe velocity. A transforma-

tion from the observed wavelength to the rest frame velocity of the absorber can
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be obtained using the following formula.

v = c[
((1 + z1)

2 − (1 + zabs)
2

((1 + z1)2 + (1 + zabs)2
] (2.2)

where c is the velocity of light, zabs is the absorbers redshift and z1 is the redshift

of the pixel for which we have to calculate the velocity separation.

The representation of O vi doublet lines in the absorber zabs = 0.41614 in their

velocity space using the above equation is shown in the bottom panel of Figure

2.3.

Apparent Optical depth

The optical depth of an absorber is the logarithm of the ratio of incident to the

transmitted power of the radiation. When a beam of light with specific intensity

Iν passes through a gas medium, some fraction of their energy is absorbed by the

medium. For a pure absorbing medium, the intensity of outcoming radiation can

be written as:

Iν(out) = Iν(in)e−τν (2.3)

where τν is the optical depth of the cloud. Observationally, optical depth (τν) of

an absorption can be calculated from the spectra as follows:

τν = log
Iin(ν)

Iout(ν)
(2.4)

Iin and Iout are the incident and transmitted flux at frequency ν.

Column density

For absorption line studies along a given line of sight, the information on the three

dimensional size of the absorber, and therefore the number density, is not readily

available. What one measures from line of sight spectroscopy is the column density

of any given species. The number of particles per unit area in the sky is defined

as column density. The relationship between density and column density is as
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follows:

N(cm−2) =

�

n(cm−3)dl (2.5)

The optical depth and column density per unit velocity related as,

τ(v) =
πe2

mec
fλN(v) = 2.654× 10−15fλN(v) (2.6)

where N(v) is the column density is in the units of atoms cm−2 (km s−1)−1. Thus,

total column density of an unsaturated line of any ion can be calculated from

apparent optical depth using the following equation.

N(cm−2) =

�

N(v)dv =
mec

πe2fλ

�

τ(v)dv (2.7)

=
mec

πe2fλ

�

log
Iin(v)

Iout(v)
dv (2.8)

A detailed desscription of this method can be found in Savage and Sembach 1991.

Equivalent Width

The equivalent width (W) measurement is useful to compare the strength of ab-

sorption lines within the same absorber or between different absorbers. Here, we

compare the area of an absorption line with the area of a perfect dark absorp-

tion line with a rectangular profile (as shown in Figure 2.4). The height of this

imaginary dark line is the continuum normalised flux (FC), area equal to the area

of the absorption line, and the width is called equivalent width usually expressed

in the units of Å. Equivalent width depends on the width of absorption profile

and the total number of atoms/ions in the source of absorption. ie, it depends on

temperature, electron pressure and atomic constants, but is independent of the

spectral resolution. Note that for an absorption line W > 1 and for an emission

line W < 1.

Equivalent width can be calculated from an absorption line using the following

expression:

W = Σ
FC − Fλ

FC

δλ (2.9)
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where FC = flux at the continuum level, Fλ = flux at wavelength λ respectively.

In the study of extragalactic absorbers, the width of absorption lines will be

modified due to the expansion of the universe. ie, the strength of the absorption

will be enhanced by a factor of (1+z). The restframe equivalent width of a line

can be calculated as follows:

Wrest =
1

(1 + z)
Σ
FC − Fλ

FC

δλ (2.10)

A detailed technical discussion on the calculation of equivalent width and the

associated errors can be seen in Sembach and Savage 1992.

Voigt Profile Function

None of the absorption lines is infinitely sharp with cutting-edge borders. These

lines usually have a spread in their spectra can be represented by a suitable line

spread functions. The common mechanisms which cause a spread in an atomic

transition are natural, collisional and Doppler broadening. A combination of these

three is called Voigt Profile Function which represents an absorption line in general.

• Natural Broadening The origin of this broadening is quantum mechanical

in nature. For an atom, the spread of an energy state and the duration

of an electron at that state related by Heisenberg uncertainty principle as

ΔE.Δt ∼ h/2π. This suggests that an atomic transition from one state of the

atom have a "rate" than an instantaneous energy drop. Such a transition rate

in time can be observed as a spread in the frequency. This is called natural

broadening and the line can be represented by the following equation.

φν =
πe2

mec
f

Γ/4π2

(ν − ν0)2 + Γ/(4π)2
cm−2 (2.11)

For the lines in optical - UV wavelength range, the contribution of natural

broadening is very small.

• Collisional Broadening Collisional broadening is similar to natural broad-

ening, can be represented by the Lorentz profile. In this case, the collisional

process can modify the emitted radiation randomly.
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Figure 2.4: Equivalent width & Comparison of line profiles

Figure 2.4 Top Panel The cartoon illustrate equivalent width of an absorption line.

Here, the area of the absorption line is translated to the area of a rectangle (equivalent

to a perfect dark absorption line) where one of its side is equal to the continuum flux

and the width is called equivalent width of the line. Bottom Panel The figure shows a

comparison of Gaussian, Lorentzian and Voigt profiles. Voigt profile is a convolution of

a Gaussian and Lorentzian profiles.
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• Doppler Broadening In local thermodynamic equilibrium, the velocity of

atoms is represented by Maxwellian distribution. The internal velocity of

each atom causes a Doppler shift in the frequency of emission/absorption.

This leads to a Doppler broadening in the absorption line. The Doppler line

spread can be represented by:

φν =
1

Δν0
√
π
exp−[

(ν − ν0)
2

Δν0
]cm−2 (2.12)

In general, an absorption line is a combination of these broadening mechanisms.

φ(ν) =
Γ

4π

�

∞

−∞

(
m

2πkT
)
1
2 exp(

−mv2z
2kT

)(ν − ν0 − ν0νz/c
2) +

Γ

4π

1
2
(2.13)

The convolution of Gaussian and & Lorentzian profile represent the function called

Voigt profile.

H(a, u) =
a

π

�

∞

−∞

exp−y2)a2 + (u− y)2 (2.14)

ie, the line spread can be written using Voigt profile as :

φ(ν) = (ΔνD)
−1π−

1

2H(a, u) (2.15)

where a = Γ
4πΔvD

, u = ν − ν0ΔvD respectively.

Curve of Growth

The change in the strength of an absorption line with the number of atoms/ ions

producing these absorptions is known as Curve of Growth (COG). The strength

of the line (or equivalent width) depends on column density (N) and broadening

parameter (b). Depending on the relationship between N, b, and W, COG plot

has divided into three major regions, 1. The linear regime, 2. The logarithmic

regime and 3. The square root regime. The changes in N, b, and W at these three

regions are discussed below.

• The linear regime

The equivalent width of an absorption line with τ << 1 grow linearly with

the increase in column density in the linear regime of COG. This relationship
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Figure 2.5: Curve of Growth

Figure 2.5 The change in line profile of the Ly-α absorption with b = 13, 23, 53, and

93 km s−1 is shown along with the corresponding curve of growth. Top This plot show

the change in line profile of a line with a fixed b of 23 km s−1 for a range of column

density from 1012 to 1020 cm−2. Bottom Panels The absorption profiles are shown for

a fixed column density in the linear and logarithmic regimes of COG. In the linear

regime, the absorber with smaller b show larger depth and larger b show a smaller

depth respectively. Middle Panel The curve of growth of Ly-α absorption.( Image

credit: Charlton and Churchill 2000 )
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can be used to calculate the column density of an absorption line from the

’total missing power’ ( equivalent width) of the line. This method is useful

for unresolved absorbers where the line width of their individual components

is difficult to determine.

An approximate relationship between W and N is shown below where the

notations have their usual meaning.

W =
fπe2λ2

mc2
N (2.16)

Note that in this regime, equivalent width is not related to the broadening

parameter. For example, see the Bottom Left Panel of Figure 2.5. This figure

shows the Ly-α absorption line with a fixed column density of hydrogen log

N(H i) = 13 cm−2 for four different b , 13, 23, 53, and 93 km s−1 respectively.

As the equivalent width is independent of b, all of these lines should have

the same area. Hence, an increase in b value makes the absorption line

shallower.

• The logarithmic regime

As the column density of atoms/ions increases, the absorption lines become

stronger and stronger and reaches a saturation stage. Once, the line is sat-

urated (10 ≤ τ ≤ 103), the core Gaussian components of absorption cannot

increase the strength of the lines further. The contribution from Lorentzian

damping wings are insignificant at this stage and hence, the strength of the

absorption (equivalent width) increases only slowly or almost nil with the

further increase in the number of particles. This is the flat part of the curve

of growth (See Figure 2.5).

An approximate relationship between W, b, and N in this regions is as fol-

lows.

W = b
λ

c
(ln[

π
1

2 e2

mc

λ

b
Nf ])

1

2 (2.17)

ie,W ∝ b
�

ln (N/b) (2.18)

The Bottom Right Panel of Figure 2.5 illustrate this situation. The Ly-α line

with column density log N(H i) = 15 cm−2 for four different b values, 13, 23,

53, and 93 km s−1 are shown here. From the figure, it is clear that the area
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Figure 2.6: HST/COS optical path

Figure 2.6 The optical path and instrumental locations of HST/COS are shown in

this figure. The light from HST Optical Telescope Assembly (OTA) enters through the

entrance apertures (In most COS science observations Primary Science Aperture(PSA)

is used) reach Optics Select Mechanism (OSM1) where the gratings and mirrors

present. There are 3 gratings and one mirror in this unit. The flat collimating mirror

(NCM1) passes the beam to NUV channel and the three gratings G130M, G160M and

G140L direct the beam into the FUV channel. ( Image credit:

Cosmic Origins Spectrograph Instrument Handbook )

of absorption increase as the b value increases. This shows that equivalent

width is sensitive to the b values in the logarithmic region of COG.

• The square root regime

When the absorption line is very strong such that τ > 104, the contribution

from Lorentzian increases drastically due to the broad wings of the absorp-

tion. In practical situations, this part of COG can observe only for Ly-α

transitions. The change in the line profile of a Ly-α absorption with an

increase in column density can be seen in Figure 2.5 Top Panel.

In this region,W ∝
√
N (2.19)
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2.2.2 Detectors

The study of warm -hot gas in the low-redshift universe requires observations

in the far ultraviolet region (FUV). Hubble Space Telescope (HST) is the most

successful telescopes which yield such an opportunity to open an observational

window in both NUV and FUV wavelength. With the Installation of Cosmic

Origin Spectroscope on HST in May 2009, the spectroscopic capabilities of HST

got enhanced significantly. For this thesis work, we mostly used the data from

HST/COS observation.

2.2.3 Cosmic Origin Spectrograph/ Hubble Space Telescope

The Cosmic Origins Spectrograph (COS) is essentially is a slitless spectrograph

with a field of view of 2.5 arcsec. It consists of two independent channels of

observations. In the Far Ultra Violet region, it covers wavelength of 900 -2150

Å and in near UV from 1650 − 3200 Å where each of this channels is equipped

with low (3000) and medium (R ∼ 20,000) resolution gratings. The wavelength

dependent resolution of each of the FUV gratings is compared in Figure 2.7.

Though the spherical aberration of HST primary mirror is corrected by COS

optics, midfrequency wavefront errors (MFWFEs) and zonal irregularities cause

extended wings and a broad and shallow core components in the lines in COS

spectra. Hence, for an accurate modelling of the spectral lines, a model LSF has

to be incorporated (Kriss et al., 2011). The comparison of the model for G130M

grating at λ = 1309 Å with a Gaussian profile is shown in Figure 2.7.
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Figure 2.7: Resolving Power and Line Spread Function of COS Gratings

Figure 2.7 Left Panel shows the wavelength-dependent variation of resolving power of G130M, G160M and G140L gratings respectively. The solid line

represents a Gaussian with FWHM=6.5 pixels, dot-dash lines represent the measured resolution using the Line Spread Functions(LSF) with one orbit

MFWFE (mid- frequency wavefront errors) included at the original lifetime and dashed lines represents resolution using LSF with one orbit MFWFE

included at the second-lifetime position.In the Right Panel, a comparison of COS line spread functions of G130M grating at 1309 Å with a Gaussian

profile of width FWHM 6.5 pixels is shown. The dotted line included HST mid frequency wavefront errors at the original lifetime position and the

dashed line represents the same at second life position. ( Image credit: Cosmic Origins Spectrograph Instrument Handbook )
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2.2.4 Ultraviolet and Visual Echelle Spectrograph (UVES)

/ Very Large Telescope

The high-resolution UVES spectrograph is one of the units in the ground-based

telescope VLT, which can operate with high efficiency from the atmospheric cut-

off at 3000 Å onwards. The limit of detection at a longer wavelength is decided

by the CCD around 11000 Å. The spectrograph have a maximum resolution of

80,000 (blue) or 110,000 (red) respectively.

2.3 Classification of Absorbers

2.3.1 Intrinsic and Intervening Absorbers

Some of the absorption lines in the quasar spectra are produced by the gas in

the quasar/ host galaxy called intrinsic absorption. These lines can be broad with

thousand or more km s−1 in width (Broad Absorption Line - BAL) or narrow (with

tens to hundreds of km s−1) depending on the region where it originates.The BAL

is produced by the gas emitted from the associated quasar and the redshift of

these absorbers will always close to the quasar redshift. With similar redshift,

absorption lines with a narrow width are also observed. These are generally called

associated absorber or NAL. However, most of the absorption in the spectra are

unrelated to the quasar probing gas in the intergalactic medium at different red-

shifts. These are known as intervening absorbers(Sargent et al., 1980).

Distinguishing intervening absorption from NAL is easy for absorbers with ve-

locity ≥ 10, 000 km s−1 away from the background quasar. As there is no known

physical mechanism which can produce such high-velocity jets, the observed veloc-

ity is most likely the consequence of Hubble flow. For the absorbers with velocity

< 10, 000 km s−1, determine the real nature of the absorption is difficult. In such

cases following methods can be used to get some insights about the nature of the

absorption, though all the associated systems need not show these features.
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• Partial coverage: When the absorber is close to the background source, there

is a possibility that the absorber cannot completely shield the light from the

background source. This will modify the spectra as the light received by

the detector is a combination of light which passed through the absorber

and also the light coming directly. The effect of partial coverage can be

understood from the column density profile of absorption lines.

• Outflows: Another possibility is that whether the absorber corresponds to

some quasar driven outflows. Generally, such outflows have significantly

saturated higher ionization lines such as O vi, Ne viii etc.

• The high velocity of the AGN outflows caused by the winds from the disk

of the associated quasar. Hence, it is expected to have variability in the

absorption lines. (Muzahid et al., 2016; Teng et al., 2013)

• For the absorbers close to the quasars, the observed ion ratios are produced

by the hard UV radiation field of a quasar. In intervening systems, ionization

conditions are maintained by UV background radiation. Hence, the observed

ion ratios can give some clue regarding the origin of the absorber.

Another classification of absorbers is in terms of the H i content in the compo-

nent. Typically H i column density in the rang 1012 − 1022 cm−2 can be detected

by absorption. This is classified as:

• Lyman-α systems: Most of the H i absorptions seen in IGM are with log

N(H i) ≤ 1017 cm−2. These systems are highly ionised gas with lower met-

alicity and density.

• Lyman Limit System : These are systems observed with H i column density

> 2 × 1017 cm−2. These are believed to be originating in galaxy halos.

Generally strong associated metal absorptions are detected along with these

systems.

• Damped Ly-α systems : Absorption lines with H i column density > 1020

cm−2 show a damping wing in the Ly-α absorption profile is called Damped

Ly-α which harbours ∼ 80% of the neutral mass density at redshift z <

1.65 (Rao and Turnshek, 2000; Noterdaeme et al., 2012). From SDSS DR9
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survey, Noterdaeme2012 compiled a sample of 12081 DLAs within redshift

z = 2.15 − 5.2 which accounts for most of the neutral baryons at high red-

shift. Identification of optical counterparts of DLA at low redshift suggests

that it could be associated with galaxies of all sort of morphology, luminosity

etc (Rao et al., 2003; Turnshek et al., 2001).
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CHAPTER 3

Detection of a Ne viii Absorber at z = 0.61 Probing

Warm Gas

3.1 Introduction

As discussed in chapter 1, the common diagnostics for detecting the WHIM

are the absorption lines of highly ionized metals such as O vi, Ne viii, and

Mg x (Qu and Bregman, 2016; Tripp et al., 2001, 2008; Savage et al., 2002, 2005;

Danforth and Shull, 2008; Narayanan et al., 2009, 2012). Compared to O vi lines,

Ne viii is a less ambiguous tracer of collisionally ionized warm - hot baryons. How-

ever, the recent study of Hussain et al. (2017) using a revised extragalactic back-

ground (KS15) find that photoionization is a plausible scenario for the production

of Ne viii, provided the gas phase metallicities are super solar. This necessitates

a much careful analysis of Ne viii absorbers which are a vital part to understand

the otherwise, observationally less evident warm -hot baryons at low redshift. A

statistical study of these absorbers is difficult with the limited sample of Ne viii

absorbers. There are only 10 instances of intervening Ne viii detections so far and

hence, each detection of a Ne viii absorber has a great role in the understanding

of WHIM. This chapter will discuss the discovery of a new Ne viii absorber at

z = 0.61907 towards a background quasar SDSS J080908.13+461925.6. Using the

revised extragalactic background of KS15, we analyzed the absorber in detail and

rule out the possibility of a photoionized origin for the Ne viii. Also, we discuss

the possible origin of the absorber from the limited galaxy sample available in the

SDSS database, where we detect several luminous (& L∗) galaxies in the extended

neighborhood of the absorber.

This chapter is organised as follows. Section 3.2 presents information on the

COS archival observations of both sightlines and the data analysis techniques used.

Section 3.3 describe our measurements on the properties of the absorption system,



Table 3.1: Individual COS integrations for the quasar SDSS J080908.13+

461925.6

MAST ID DATE GRATING λc (Å) t (S)

LBHO77010 06 -10-2010 G130M 1291 1556

LBHO77010 06 -10-2010 G130M 1309 1590

LBHO77010 06 -10-2010 G160M 1577 2561

LBHO77010 06 -10-2010 G160M 1623 2434

Table 3.1 Table show the details of individual exposures used to generate the final spectra.

The column from left to right corresponds to the name of the exposure in MAST database,

date of the observation, grating used for the observation, central wavelength of the grating and

the exposure time respectively.

with emphasis on the Ne viii lines. The ionisation mechanisms, physical proper-

ties and chemical abundances of the absorber towards SDSS J080908.13+461925.6

are discussed first in section 3.4, followed by Section 3.5 consists of information

on the galaxies identified by the SDSS that are coincident in redshift with the

absorber. The main results are summarised in section 3.7.

3.2 The HST/COS Data

The SDSS J 080908.13 + 461925.6 (zem = 0.6587) quasar data presented here

are far-UV medium resolution (instrumental FWHM ∼ 17 km s−1) spectra re-

trieved from the Hubble Space Telescope / Cosmic Origins Spectrograph (COS)

MAST archive1. The instrument capabilities and in-flight performance are de-

scribed in detail by Froning and Green 2009, Dixon 2010, Osterman et al. 2011,

and Green et al. 2012. The observations were carried out in 2010 as part of a COS

dwarf galaxy halos project ( PI. Jason Tumlinson, Prop ID: 12248, Bordoloi et al.

2014). The separate science exposures were processed using the STScI CalCOS

(v2.17.3) pipeline. The data consists of G130M and G160M grating spectra of

4.9 ks and 3.0 ks integration times respectively. For each grating setting, there

1https://archive.stsci.edu/
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were multiple FP-position exposures. These individual science exposures were

combined in flux units weighted by their exposure times using the coaddition rou-

tine developed by Charles Danforth2 and as described in Danforth et al. (2010).

The pipeline reduced COS spectra are over-sampled at 6 pixels per 17 km s−1

resolution element. The spectra were therefore binned to the optimal Nyquist

sampling of 2 pixels per resolution element. The resultant fully combined spec-

trum has a S/N ∼ 10− 20 per pixel over much of the wavelength range between

1135 Å and 1790 Å. The spectral resolution of COS is wavelength dependent

with a maximum of R = λ/Δλ ∼ 20, 000 at near-UV wavelengths and decreasing

monotonically to values of R ∼ 17, 000 at the edge of the far-UV covered by the

G130M grating. The spectra were continuum normalized by fitting lower order

polynomials across wavelength intervals of approximately 20 Å, avoiding regions

containing absorption or strong emission features.

3.3 The z = 0.61907 Absorber towards

SDSS J 080908.13 + 461925.6

The continuum normalised regions of the COS spectrum covering important tran-

sitions of the absorber at z = 0.61907 are shown in Figure 3.1, 3.2. The absorp-

tion system has H i Lyman series (Lyα – H i 915), C ii 903.9, 903.6, C iii 977,

N iii 990, N iv 765, O iii 702, 833, O iv 788, O vi 1038, S iv 748, S v 786,

S vi 933, 945 and Ne viii 770 lines detected at ≥ 3σ significance. In addition, the

spectrum also covers O ii 834, N ii 916, and Ne viii 780 which are non-detections.

For the lines which are not detected, we quote the 3σ upper limit by integrating

the spectrum through the same velocity range over which O vi is detected.

The absorber is displaced from the systemic redshift of the quasar (zem =

0.6587, Hewett and Wild 2010) by Δv = −7252 km s−1 which is beyond the typ-

ical velocity offset cutoff of Δv . 5000 km s−1 used to differentiate associated

absorbers from intervening systems e.gs., (Foltz et al., 1986; Shen and Ménard,

2012). To rule out the possibility of the absorber being associated with the AGN,

we compared the apparent column density profiles of higher order Lyman series

2http://casa.colorado.edu/∼danforth/science/cos/costools.html
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Figure 3.1: The absorber at z = 0.61907 in restframe

Figure 3.1 System plot showing the important transitions against the rest-frame velocity of

the z = 0.61907 absorber. The centroid of the absorbing component is marked with a red

vertical tick mark. The absorption system covers a host of Lyman series lines, metal lines such

as C ii, C iii, N iii, N iv, O iii, O iv, O vi, S iv and S v. The lines N ii 916, N ii 1084 and

Ne viii 780 are 3σ non detections. C iii 977 is significantly saturated. Voigt profile fits are

superimposed on the respective features as yellow curves. The gray regions indicate

contaminations, i.e., absorption unrelated to this particular absorber. Contaminations are

identified as (a) H i 950 associated with the quasar, (b) possible Lyα from z = 0.2027 and (c)

O vi 1032 at z = 0.4176 confirmed by the detection of the corresponding O vi 1038.
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Figure 3.2: The absorber at z = 0.61907 -continuation

Figure 3.2 Continuation of the system plot for the z = 0.61907 absorber shows single

component Voigt profile fits to fairly well detected lines. The transitions of O iii and O iv are

significantly saturated. The O vi 1032 line is heavily blended with Galactic Al ii 1671. The

expected O vi 1032 profile is superimposed on it’s in yellow, based on the evidences from

O vi 1038. The contaminations in the various panels are (d) H i 1026 at z = 0.5637, for which

the corresponding H i 972 is detected, (e) possibly H i 1216 at z = 0.020 (f) O vi 1032 at

z = 0.3076 confirmed by the presence of the weaker O vi 1038 line, (g) Galactic Al ii 1671, (h)

Si ii 1206 at z = 0.0466 for which other metal lines are also detected (i) H i 1216 at

z = 0.0403, (j) - and (k) possibly H i 1216 at z = 0.0465 respectively.

lines (see Figure 3.3). The lines show similar apparent column density across

the full range of the velocity of absorption, implying little partial coverage of the
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background AGN continuum. More generally, the high ionization lines associated

with outflows are expected to be significantly stronger and saturated than the

absorption in Ne viii, O vi, or the unsaturated absorption in S v or S vi seen

for this system (Muzahid et al., 2013; Fox et al., 2008). Based on the absence

of any observational signatures, we conclude that the absorption is not tracing

quasar-driven outflows or gas close to the AGN central engine.

The Voigt-profile fitting software VPFIT (ver 10.0)3 was used to estimate the

column density, Doppler b-parameter and the rest-frame velocity centroids of the

lines. The atomic line list and oscillator strength values used for fitting are from

Morton (2003) for λ > 912 Å and from Verner et al. (1996) for λ ≤ 912 Å. The

atomic data for Ne viii 770, 780 are λ = 770.4089 Å, 780.3240 Å, and f770 =

0.1030, f780 = 0.0505 respectively (Verner et al., 1996). The spectral resolution of

COS is known to be wavelength dependent. Therefore, while fitting, we used the

empirical line spread functions developed by Kriss et al. (2011) for the respective

COS gratings. The synthetic Voigt profiles were convolved with the COS line

spread function nearest in wavelength to the redshifted location of the absorption

line. Profile fit results are shown in Table 3.1. The line profile models are shown in

Figure 3.1, 3.2. The errors listed from the profile fit are a combination of statistical

errors and continuum placement errors. The latter quantity was estimated by

exploring a few different continuum fits and the resultant range of values obtained

for column densities and b-values by fitting the region. Overall, we found the

statistical noise in the data to be more significant than the systematic errors.

We have relied on single component profiles to model the absorption seen in

H i and the various metal lines. A few of the Lyman series lines (particularly

H i 923 and H i 926) suggest a multi-component structure to the core absorp-

tion in H i, albeit at low significance. The N iv 765 line also suggests possible

kinematic substructure. The apparent column density profiles of these lines are

compared in Figure 3.3. A free-fit to the N iv line recovers three components

at v ∼ −30,+6,+43 km s−1. A similar three component structure is not visibly

evident in the unsaturated higher order Lyman lines, except H i 923 and H i 926,

although there appears to be complexity to the H i velocity structure.

3http://www.ast.cam.ac.uk/∼rfc/vpfit.html
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Table 3.2: Voigt Profile Measurements of the absorber at z = 0.61907

Transition v b log (N) Total

(km s−1) (km s−1) (cm−2) log [N(cm−2)]

N iv 765 −30± 4 14± 4 13.47 ± 0.11

(3 comp) 6± 2 15± 5 13.85 ± 0.06

43± 3 11± 3 13.37 ± 0.07 14.09 ± 0.06

N iv 765(single) 3± 2 41± 2 14.05 ± 0.02

H i 919-1026 −31 30± 9 15.50 ± 0.08

(3 comp) 5 18± 9 15.82 ± 0.05

44 15± 4 15.52 ± 0.06 16.10 ± 0.05

H i 919-1026(single) −4 41 16.13 ± 0.02

O vi 1038 4± 2 44± 3 14.88 ± 0.20 14.88 ± 0.20

O iv 788 6± 1 24± 4 16.53 ± 0.701 16.53 ± 0.701

O iii 4± 2 32± 3 15.52 ± 0.151 15.52 ± 0.151

C iii 977 −10± 1 33± 3 14.71 ± 0.201 14.71 ± 0.201

C ii 903.9 8± 6 37± 9 13.42 ± 0.10 13.42 ± 0.10

S iv 748 7± 3 32± 5 13.59 ± 0.05 13.59 ± 0.05

S v 786 13± 3 47± 4 13.35 ± 0.03 13.35 ± 0.03

Ne viii 770 11± 12 69± 20 13.96 ± 0.09 13.96 ± 0.09

C ii 903.6 -1036 7± 6 36± 9 13.42 ± 0.07 13.42 ± 0.07

S vi 934 17± 5 52± 7 13.49 ± 0.05 13.49 ± 0.05

N iii 990 −4± 9 51± 16 13.83 ± 0.10 13.83 ± 0.10

Table 3.2 Comments: . Voigt profile measurments on the various lines associated with

the z = 0.61907 towards SDSS J080908.13 + 461925.6. The doublet / multiplet lines

were separately and simultaneously fitted. Among the metal lines, C iii, O iii and

O iv are strongly saturated. The formal errors given by the profile fitting routine,

listed in the table, are too small and do not account for the uncertainty due to the

saturation of the line feature. In the ionization models, we use the AOD column

density measurements on these lines as lower limits(3.3).
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Table 3.3: AOD column density measurements for z = 0.61907 absorber

Transition Wr(m) log [N (cm−2)] [-v,v](km s−1)

O vi 1038 248± 18 14.79± 0.06 [-85, +77]

N iv 765 182± 10 13.95± 0.05 [-85, +77]

O iv 788 276± 11 > 15.0 [-85, +77]

N iii 990 58± 17 13.78± 0.15 [-85, +77]

C iii 977 393± 12 > 14.1 [-75,50]

O iii 833 281± 10 > 15.0 [-85, +77]

O iii 702 267± 16 > 15.0 [-85, +77]

C ii 1036 < 63 < 13.8 [-85, 77]

C ii 904.9 67± 12 13.50± 0.08 [-85, 77]

C ii 904.6 < 140 < 14.2 [-85, 77]

S iv 748 80± 14 13.59± 0.09 [-85, +77]

S iv 809 46± 13 13.93± 0.12 [-85, +77]

S v 786 110± 10 13.25± 0.06 [-85, +77]

S vi 945 < 66 < 13.63 [-85, +77]

S vi 934 60± 10 13.30± 0.08 [-85, +77]

Ne viii 770 28± 8 13.76± 0.14 [-85, +77]

H i 1026 > 515 > 15.2 [-105,110]

H i 972 > 423 > 15.6 [-105,110]

H i 950 > 365 > 15.9 [-105,110]

H i 938 317± 12 16.00± 0.05 [-105,110]

H i 931 266± 13 16.08± 0.06 [-105,110]

H i 926 213± 13 16.08± 0.05 [-105,110]

H i 923 126± 13 16.14± 0.06 [-100,100]

H i 921 134± 14 16.13± 0.06 [-100,100]

H i 919 73± 11 15.97± 0.09 [-60,75]

H i 918 100± 13 16.25± 0.09 [-60,75]

H i 917 50± 12 16.03± 0.11 [-60,75]

H i 916.4 55± 12 16.15± 0.11 [-60,75]

Table 3.3 Comments: . Apparent optical depth (AOD) measurments of all the

detected lines in the absorber z = 0.61907 are tabulated. In the ionization models, we

use the AOD column density measurements as lower limits for the saturated lines C iii,

O iii and O iv. For non-detections, AOD measurement is taken as upper limit.
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Figure 3.3: AOD column density profiles comparison

Figure 3.3 Top panel is a comparison of the apparent column density profiles of

Ne viii 770, 780 and O vi 1038 lines in the z = 0.61907 absorber. The apparent

column density profile of Ne viii 780 is truncated between [-180 -120] km s−1 and

v > 200 km s−1 where they suffer from contamination. The coincidence in velocity

between Ne viii 770 and O vi lends support to the detection of Ne viii 770. In the

bottom panel the apparent column densities of two of the unsaturated Lyman series

lines and N iv 765 are shown.

Taking a cue from the component structure seen in N iv, we attempted a

simultaneous three component fit to the Lyman series lines to determine the H i

corresponding to the components of N iv. The fit results are given in Table 3.1.

The column density profiles of the various Lyman series lines slightly differ from

each other due to statistical fluctuations in the noise spectrum. Because of this, the
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multi-component profile models do not fit all the Lyman series lines equally well.

The errors on column densities and b-parameters derived from the simultaneous fit

reflect this. In Sec 3.4.2, we discuss how the ambiguity in the component structure

for H i affects the elemental abundance estimate for a warm plasma traced by the

Ne viii in this absorber.

No unique sub-component structure is evident in the unsaturated S iv 748,

S v 786, S vi 933, 945 lines, and hence these lines are fitted with a single compo-

nent. The comparatively strong O iii, C iii and O iv lines are saturated. We fit

these lines also with single components. The true errors in the profile fit results for

such saturated lines are likely to be larger than what the fitting routine suggests.

Using the apparent optical depth (AOD) method of Savage and Sembach

(1991), we estimated the total column density of the various ions by integrat-

ing over the full velocity range over which each line feature is seen. Using this

method we also derived upper limits on column densities for lines which are non-

detections and lower limits for the lines which are heavily saturated. These values

are also tabulated in 3.3.

The COS spectrum provides information on O ii, O iii, O iv and O vi. The

O ii is a nondetection, whereas the O iii and O iv lines are strong and quite

probably saturated. The similarities in the profile structure of O iii and O iv

suggest a possible origin in the same gas phase. Single component Voigt profile

models explain fairly well the absorption in O iv and also the doublet lines of

O iii, with χ2 goodness of fit values close to one. However, the profile fit results

for these intermediate ionization lines are not unique. We find line saturation

effects dominating the uncertainty in the profile fits. As a result, models with

different combinations of N and b can explain the observed absorption in O iii

and O iv without compromising on the quality of the fit. We therefore adopt

the integrated apparent column density lower limits of log Na(O iii) > 15.0 and

log Na(O iv) > 15.0 for subsequent analysis. In the case of C iii also we use

the log Na(C iii) > 14.1, for similar reasons. The C ii 903.6 line suffers from

blending with O vi 1032 from an absorber at z = 0.4176 . We use the C ii 903.9

line to constrain the C ii column density.

The O vi 1032 line is heavily blended with Al ii 1671 absorption from local
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ISM. The O vi 1038 is, however, a clean feature, which we use for constraining the

column density and b-parameter. A single component fit to the O vi 1038 yields

logN(O vi) = 14.88± 0.20 and b(O vi) = 44 ± 3 which is comparable to the in-

tegrated apparent optical depth column density of logN(O vi) = 14.79 ± 0.06 to

within their 1σ uncertainty range. This implies that the O vi 1038 is adequately

resolved by COS. From the N and b-values measured from O vi 1038, we syn-

thesized the O vi 1032 line profile. The synthetic profile, when superimposed on

the data reveals the extent of contamination from Galactic Al ii (see the model

profile in the O vi 1032 panel of Figure 3.1), which is significant and difficult to

correct for.

3.3.1 The Ne viii 770, 780 Detection

The Ne viii 770, 780 is a very weak feature in the z = 0.61907 absorber. The ion

is detected with & 3σ significance only in the stronger member of the doublet. The

transitions fall at the blue end of the G130M grating exposures. The three G130M

integrations add to 3.1 ks of exposure time at the redshifted wavelength location

of Ne viii 770, 780 lines. The exposures were obtained with two different G130M

central wavelength settings (one exposure centred at 1291 Å and two exposures at

1309 Å) which result in the dispersed light getting shifted in the detector space.

This helps to reduce the detector fixed pattern noise features during coaddition.

The Ne viii 770 line has a rest-frame equivalent width of Wr = 28 ± 8 mÅ

when integrated over [-85, 77] km s−1. This is the same velocity range over which

absorption from C iii, O iii, O iv, and O vi 1038 are detected. The Ne viii 770

feature is thus detected with a significance of 3.5σ. The uncertainty quoted for

the equivalent width is inclusive of statistical and continuum placement errors. A

more stringent estimate on the detection significance can be arrived at by including

a systematic uncertainty of ∼ 10 mÅ from residual fixed pattern noise features

that could be present in COS data (Savage et al., 2014). This would bring the

Ne viii 770 significance down to 2.2σ. The non-detection of Ne viii 780 at ≥ 3σ

is consistent with the expected 2 : 1 equivalent width ratio between the two lines

of the doublet.

The non-detection of Ne viii 780 prompted us to investigate the validity of
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Figure 3.4: Ne viii profile comparison with model

Figure 3.4 The top panel of the first column shows the observed Ne viii 770 in the

z = 0.61907 absorber, with the Voigt profile model superimposed. The bottom panel is

a synthetic Ne viii 770 feature with identical N and b as the observed line at

S/N = 20. The top and bottom panels of the second column show the corresponding

observed and synthetic Ne viii 780 spectra respectively. The synthetic spectra suggests

that the weak Ne viii can be a non-detection in the 780 Å line at the S/N of the data,

in agreement with observations.

the Ne viii detection in greater detail. We synthesized Ne viii 770, 780 lines by

convolving a model absorption feature (of N , and b-value obtained from fitting

the Ne viii 770) with a Gaussian kernel of FWHM = 17 km s−1 (resolution of

COS). Poisson noise was added to this synthetic profile to simulate S/N = 20 per

wavelength bin (1/2 a resolution element). This approximately matches the S/N

of the data in the region where the Ne viii occurs. The result of this exercise,
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shown in Figure 3.4, is consistent with the low significance of Ne viii 770 and the

non-detection of the Ne viii 780 lines.

In the independent line identifications for this sightline done by Danforth et al.

(2016) and one of the co-authors (Bart Wakker), the Ne viii 770 absorption at

λ = 1247.35 Å is not identified with any line associated with other absorbers

along this sightline. Nonetheless, we cannot fully eliminate the possibility of the

Ne viii 770 absorption being a weak low redshift Lyα interloper.

We measured the strength of the Ne viii 770 in the separate G130M inte-

grations as well. The absorption feature is detected with an equivalent width of

Wr = 28 ± 11 mÅ in the exposure with grating central wavelength of λc = 1291 Å,

and Wr = 51 ± 20 mÅ and Wr = 36 ± 20 mÅ in the two exposures with central

wavelengths of λc = 1309 Å. The feature thus has a mean detection significance

of 2.3σ in the individual science exposures.

We made a closer investigation to find out whether fixed pattern noise or

similar instrumental artefacts are affecting our measurement in any way. Since

two out of the three integrations of the G130M grating were carried out with

the same central wavelength and FP-SPLIT position set-up of the grating, we

cannot compare the individual exposures to know whether a fixed pattern feature

is occurring at the Ne viii 770 Å redshifted wavelength of 1247.35 Å. Instead, we

looked at this detector space in five other quasar observations done approximately

in the same period with identical grating settings and found no evidence for any

instrumental contamination.

In Figure 3.2, we compare the apparent column density profiles of Ne viii

and O vi. Though the Ne viii line is much weaker than O vi, in the approximate

velocity range of [−100, 100] km s−1 the absorption seen in O vi is well matched by

the absorption in Ne viii. The similarity in the kinematics lends further support

to the identification of the Ne viii 770 line.

The detection significance of Ne viii 770 line is lower than the significance

of most of the COS Ne viii detections reported thus far (Narayanan et al., 2009,

2011a; Tripp et al., 2011; Narayanan et al., 2012; Meiring et al., 2013; Hussain et al.,

2015) but is similar to the first Ne viii detection in the IGM reported by Savage et al.
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(2005), where the 770 line was detected with a significance of 3.1σ. However, in the

Ne viii detection reported by Savage et al. (2005), the weaker 780 line was also a

formal detection with 2.3σ significance, resulting in a higher detection significance

of 3.9σ jointly for the lines of the doublet.

3.4 Ionization & Abundances in the z = 0.61907

Absorber

To assess the density and temperature phases traced by this absorber, and the rel-

ative chemical abundances within them, we turn to time independent photoionization-

recombination equilibrium models and collisional ionization models. We first de-

scribe the results from photoionization modelling. The models were computed

using the standard photoionization package Cloudy (ver 13.03) last described

by Ferland et al. (2013a). Cloudy models the absorbing gas as constant den-

sity plane parallel slabs irradiated by ionizing photons. The intensity and shape

of the ionizing spectrum are assumed to be the extragalactic background radi-

ation coming from AGNs and star-forming galaxies in the universe. The ion-

izing radiation field (hereafter EBR) we adopt is the upgraded model of KS15,

which incorporates the most recent measurements of quasar luminosity function

(Croom et al. (2009), Palanque-Delabrouille et al. (2013)) and star formation rate

densities (Khaire and Srianand, 2015b). A source of uncertainty in the models for

extragalactic background radiation is the escape fraction of Lyman continuum

photons from star-forming galaxies. KS15 find that an escape fraction of 4% is

required to match the observed IGM H i photoionization rate as measured by

Kollmeier et al. (2014); Wakker et al. (2015) and 0% to match the measurements

by Shull et al. (2015), Gaikwad et al. (2016a), Gaikwad et al. (2016b). Bearing in

mind this uncertainty, we computed photoionization models for both fesc = 4%

and fesc = 0%, and discuss the results for both cases. For brevity, we only display

the modeling predictions for the fesc = 4% case. In the models, we assume the

solar relative elemental abundances given by Asplund et al. (2009) and finetuned

the abundance to illustrate the most likelier single-phase solution of the absorber.

62



Figure 3.5: PIE model of the absorber at z = 0.61907

Figure 3.5 Photoionization equilibrium models for the absorber at z = 0.61907. The

ionizing source is the KS15 extragalactic background radiation with fesc = 4% escape

fraction of hydrogen ionising photons. The thin curves show the model predicted

column densities for the various ions at different densities. The thick portion in each

curve is the region where the model is consistent with the observed column density to

within 1σ. The predicted column density ratios of N iii/N ii, N iv/N iii, C iii/C ii,

S iv/S v and S v/S vi are simultaneously consistent with observations for the narrow

density range of nH ∼ (0.3 − 1× 103) cm−3. This region (marked in yellow) is the

single phase solution for all the ions except Ne viii.

3.4.1 Photoionization Equilibrium Models

Figure 3.5 shows the column density predictions from photoionization for the var-

ious ions at different gas densities. The models were generated for a H i column

density of 16.1 dex, the value obtained from simultaneously fitting the Lyman se-

ries lines with a single component. The coverage of successive ionization stages of

carbon, nitrogen, oxygen, and sulfur offer useful constraints for the ionization cal-
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culations. The density is best constrained by the measured column density ratios

of log[N(N iv)/N(N iii)] = 0.27 ± 0.16, log[N(S v)/N(S iv) = −0.24 ± 0.06,

log[N(S vi)/N(S v) = 0.01 ± 0.05, and the lower limits log[N(C iii)/N(C ii) &

0.7, log[N(N iii)/N(N ii) & 0.2 and log[N(O iii)/N(O ii) & 1.9. These ionic

column density ratios are simultaneously valid for a gas density of nH = (0.4 −
1) × 10−3 cm−3. At the mean value of nH = 0.7 × 10−3 cm−3, the model pre-

dicts a total hydrogen column density of N(H) = 19.5, a gas temperature and

pressure of T = 1.5× 104 K and p/K = 10.5 cm−3 K, and line of sight thickness

of L = 14.6 kpc. The photoionization predicted temperature implies that the

broadening of H i and the intermediate and low ion lines are due to non-thermal

motion.

The single phase photoionization model with fesc = 4% suggests a near-solar

abundance for C, and O. [C/H] is given by the unsaturated C ii column density.

[C/H] is & −0.4 for the model prediction to be consistent with the observed

N(C ii). Similarly, from the column density measurements of N iii, and S iv and

the lower limit on O iii, we obtain abundances of [N/H] & −1.0, [O/H] & −0.2

and [S/H] & −0.4. For these ions to be coming from the same gas phase, the

abundances have to be [C/H] = [O/H] = −0.2, [N/H] = −1.0, and [S/H] = −0.4.

The single phase solution with these abundances is shown in Figure 3.5.

The predictions from the models with an EBR of fesc = 0% are not widely

different. They yield similar density for the low ionization gas phase, with a

0.2 dex increase in the relative elemental abundances. Also at energies > 4 Ryd,

changing the spectral shape of the EBR within the measurement uncertainty of

the AGN composite continuum given by stevans et al. (2014), would result in

a ∼ 0.2 dex change in the hydrogen density. The abundance estimations thus

carry an approximate uncertainty of ± 0.3 dex because of the ambiguity in the

escape fraction of ionizing photons, the spectral shape of the EBR, and from the

uncertainty in the H i column density.

This single phase with nH ∼ 0.7 × 10−3 cm−3 is also consistent with the

observed N(O vi). For [O/H] = −0.2 dex, the photoionized gas phase simultane-

ously explains the observed O vi along with its lower ionization stages. However,

the predicted Ne viii at this ionization parameter is ∼ 2 dex smaller than the ob-
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served value for both versions of EBR with different fesc. Producing the required

amount of Ne viii from the same gas phase would require increasing [Ne/H] by a

factor of 100 from its solar value. The presence of Ne viii thus points to a separate

higher ionization phase in the absorber. This separate gas phase is unlikely to be

dominantly photoionized for the following reasons.

For solar [Ne/H], the observed N(Ne viii) is produced at ionization parameters

of logU ≥ −1.4, corresponding to a densities of nH ≤ 2 × 10−4 cm−3 and for

log N(H i) ≤ 16.1. There are two discrepancies that emerge from such a separate

higher photoionized phase. Firstly, at logU ∼ −3.7, this higher ionization phase

also produces significant amount of C iii, N iii, O iii, N iv, O iv, and O vi even

for low values of H i. The combined column densities for these ions from the two

gas phases will contradict the observed values by several factors. Secondly, the

H i column density associated with this high ionization gas is likely to be much

smaller than the observed log N(H i) < 16.1. To produce Ne viii at lower values

of N(H i) would require the line of sight to pass through very low-density columns

of plasma that extend over several Mpc. For example, if the H i associated with the

Ne viii gas phase has logN(H i) . 14 dex, then the observed N(Ne viii) will be

recovered for solar [Ne/H] only for logU & −0.5 corresponding to log nH . −4.5.

The absorbing region, in this case, has to be spread over a large path length of

& 0.5 Mpc, which is nearly equal to the full virial cross-section of L∗ galaxies

(Rvir ∼ 200 − 300 kpc). It is unlikely for gas spread over such a large length

to maintain velocity dispersions of a few tens of km s−1. The other possibility is

that the absorber mass has not yet decoupled from the universal expansion. In

such a case, the absorption lines will suffer a velocity broadening due to Hubble

expansion, which will be v(z) = H(z) L ∼ 50 km s−1, where L ≥ 0.5 Mpc.

The observed b-value for the well measured H i lines are 40% narrower than the

expected broadening due to Hubble flow.

We emphasize here that the photoionization models are not exact because of

the simplistic assumptions built into them (the absorbing cloud in the models have

a plane parallel geometry with uniform density and temperature) and also due to

the lack of information on the exact column densities and any sub-component

structure in the saturated metal lines and H i. However, the model prediction

that the Ne viii is not consistent with photoionization is important. In the next
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section, we discuss the results from collisional ionization models for the Ne viii

bearing gas.

3.4.2 Evidence for a Warm Gas Phase

Collisional Ionization Equilibrium Models

In collisional ionization equilibrium (CIE) models, the ionization fractions of ele-

ments depend only on the equilibrium temperature. In Figure 3.7 we plot the

Ne viii to O vi column density ratio predictions made by the CIE model of

Gnat and Sternberg (2007) for a range of plasma temperatures. The CIE is a

good approximation for calculating the ionization of H i, Ne viii and O vi at

T > 2 × 105 K since the gas cools relatively slowly at such higher temperatures.

For lower temperatures, non-equilibrium ionization effects (recombination lagging

behind the cooling of the gas) become important (Savage et al., 2014).

The column density ratio of Ne viii to O vi cannot be used directly to ascer-

tain the temperature of the gas, as much of the O vi is possibly tracing the cooler

photoionized medium. Nonetheless, the presence of O vi can be used to place a

lower limit on the temperature of the collisionally ionized gas. As shown in the

bottom panel of Figure 3.7, the ratio of log [N(Ne viii)/N(O vi)] & −1.25 is

valid for T & 4.3 × 105 K. If this warm gas phase has more Ne viii compared to

O vi, then a lower limit of T & 5.0× 105 K is obtained from the CIE models.

To determine the metallicity and the total hydrogen column density in this

warm phase, we need an estimate on the associated H i. Even at the conservative

lower limit of T = 4.3×105 K, the neutral fraction of hydrogen at CIE is f(H i) =

7.9 × 10−7, suggesting that most of the mass in the Ne viii gas phase is in an

ionized form. Consequently, nearly all of the strong absorption in H i is potentially

tracing the cooler photoionized medium. Given the low H i optical depth and the

warm temperature of the gas, we expect the absorption from the residual H i to be

thermally broad and shallow. The absence of coverage of Lyα makes it implausible

to know whether a BLA is associated with the Ne viii gas. At the low S/N of the

data, it is difficult to search for the presence of a broad H i feature in the weaker

Lyβ line. We, therefore, use the Lyβ to place a useful upper limit on the H i
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column density associated with this warm gas.

In Figure 3.6 are superimposed synthetic BLA profiles on top of the Lyβ ab-

sorption. The BLA profiles were synthesized for the CIE temperature lower limit

of T = 4.3 × 105 K with different H i column densities. The temperature corre-

sponds to a pure thermal line width of b(H i) = 85 km s−1. We explored both

single component and three component (refer Table 3.1) models for the narrow

and strong absorption that forms the core of the H i profile. The three compo-

nent model is based on the weakly resolved kinematic sub-structure seen in the

H i 923 and 926 lines, and also N iv 765. Statistically, the three components

result in a better fit (χ2
ν = 1.2) to the core absorption in Lyβ compared to a sin-

gle component (χ2
ν = 1.7), although in the latter case the fitting model is within

1σ of the flux values. Irrespective of whether the core absorption is modeled by

a single component or multiple components, the thermally broad H i associated

with the Ne viii gas phase has to have log N(H i) . 14.2 to go undetected in

the Lyβ profile. If the temperature in the Ne viii gas phase is higher, this H i

limiting column density will also be higher. The H i column density upper limit

of logN(H i) = 14.2 constrains the [Ne/H] . −0.5 in the warm gas.

Adopting log [N(H i)] . 14.0, CIE models predict a total hydrogen column

density of log [N(H)] & 20.1 for T & 4.3× 105 K. This lower bound on baryonic

column density is an order of magnitude more than the amount of total hydrogen

present in the photoionized gas phase.

Extending the collisional ionization scenario further, we also computed models

that simultaneously consider ion-electron collisions and ion-photon interactions as

sources of ionization. Insights from these hybrid models are discussed next.
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Figure 3.6: Evidence for BLA from H i 1026

Figure 3.6 The figure shows the H i 1026 feature of the z = 0.61907 absorber towards

SDSS J080908.13 + 461925.6. Superimposed on the data are different Voigt profile fits.

The top and bottom panels assume a single component (χ2
ν = 1.7) and a three

component (χ2
ν = 1.2) fit to the core absorption. The fit parameters are given in Table

1. To this are added broad H i profiles with a fixed b = 85 km s−1 and

log N(H i) = 14.0, 14.2, 14.4 dex centered at the velocity where Ne viii absorption is

seen (show as solid curves of different color). The composite of the broad and narrow

H i absorptions are overlaid on the data as dashed lines. The b = 85 km s−1 is how

broad the H i absorption from the Ne viii gas phase would be, based on a temperature

lower limit estimate for this phase. Addition of such a thermally broad and shallow H i

component affects only the wings of the profile and not the core absorption. From this,

we estimate an upper bound to the H i column density in the Ne viii phase as

log N(H i) . 14.2 dex.
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Figure 3.7: CIE & hybrid models

Figure 3.7 Figure on the top panel shows the column density ratio of Ne viii–O vi predicted by CIE models of Gnat and Sternberg (2007) for

different equilibrium temperatures and solar elemental abundance. The green shaded region is where the model predicted ratio matches with the

observation for the absorber at z = 0.61907 towards SDSS J080908.13 + 461925.6. The upward arrow is to indicate that the observed Ne viii - O vi

column density ratio can be only considered as a lower limit on the true column density ratio between these two ions in the collisionaly ionized gas

phase, since O vi can have a significant contribution from the T ∼ 104 K photoionized phase of this same absorber. The bottom panel is the same ionic

column density ratio predicted by photoionization - collisional ionization hybrid models for three different equilibrium temperatures of T = 4× 105 K,

T = 5× 105K and T = 6× 105K respectively. The CIE models predict the Ne viii to be from a warm gas phase with T > 4.3× 105 K. There is no clear

constrain on the density from the hybrid models, since the Ne viii–O vi column density ratio is only a lower limit.
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Hybrid of Photoionization & Collisional Ionization

Using Cloudy we computed hybrid models for different warm gas temperatures,

with the photoionizations caused by the extragalactic ionizing background ra-

diation as given by KS15. The Ne viii to O vi column density ratio predicts

a temperature lower limit of T ∼ 4 × 105 K from CIE. At this temperature,

the hybrid models require gas densities of nH < 10−3 cm−3 to be consistent

with the lower bound of the Ne viii to O vi column density ratio. The num-

ber density corresponds to a baryonic overdensity of Δ = ρ/ρ̄ & 1000 (using

nH(cm−3) = 1.9 × 10−7 (1 + z)3 Δ). Simulations associate such T − Δ combi-

nations typically with hot halos (Figure 5 of Gaikwad et al. (2016a)). For the

approximate H i upper limit of N(H i) = 1014.2 cm−2 derived earlier, this gas

phase model predicts, N(H) ∼ 4.3× 1020 cm−2 and an absorption path length of

L ∼ 88 kpc. Such a prediction is also consistent with the lower limit on Ne viii

to S vi. At that temperature and H i column density, the [Ne/H] = −0.5 dex

to match the observed N(Ne viii) at any density. Higher temperatures for the

Ne viii gas phase would predict higher density upper limits (as shown in Figure

3.7). We emphasize here that given the lack of observational constrain on the

amount of O vi and H i associated with the Ne viii, the hybrid models are only

as useful as the CIE models in setting limits on the physical conditions of the

warm gas. Furthermore, if the true temperature of the gas is T . 2 × 105 K, the

hybrid models should assume non-CIE calculations along with photoionization for

a truly valid explanation of the physical conditions.

3.5 Galaxies Near the Absorber

In this section, we discuss the galaxies that lie in the neighbourhood of z =

0.61907 absorber. The SDSS DR12 spectroscopic database is 90% complete down

to an r-band magnitude of r < 17.8 (Strauss et al., 2002). This translates into a

luminosity of & 6 L∗ at z ∼ 0.6 (Ilbert et al., 2005), implying that the SDSS is

sampling only the very brightest galaxies at the redshifts of these absorbers.

Within a projected separation of 30×30 arcmin from the line of sight towards

SDSS J080908.13 + 461925.6, there are 7 galaxies with spectroscopic redshifts
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that place them within |Δv| = 1000 km s−1 rest-frame velocity of the z = 0.61907

absorber. Information on the galaxies are listed in Table 3.4, and their relative

locations are shown in Figure 3.9. The impact parameters of these galaxies range

from 0.7 − 11.4 Mpc. The galaxy nearest to the absorber, though close-by in

velocity (|Δv| = 152.9 km s−1), is at a projected separation of 1.91 Mpc. The

halo radius of this galaxy can be estimated from its scaling relationship with

luminosity given by Stocke et al. (2014).

logRvir = 2.257 + 0.318C + 0.018C2 − 0.005C3 (3.1)

where C = log(L/L∗). The estimated luminosity of 0.1L∗ suggests a halo radius

as Rvir = 91 kpc, which is 20 times smaller than the projected separation in the

plane of the sky between the absorber and the galaxy. Given this large separation,

the Ne viii - O vi absorber is unlikely to be coming from gas embedded within

the hot halo of the galaxy. We cannot rule out the possibility of the absorber

being associated with a ≤ L∗ galaxy (or even brighter) closer to the sightline, but

undetected by SDSS. Indeed, galaxies close-by in velocity and physical separation

to Ne viii absorbers are known to span a wide range in luminosities from sub-L∗

to > L∗ (Chen and Mulchaey, 2009; Mulchaey and Chen, 2009; Tripp et al., 2011;

Meiring et al., 2013).

The 7 galaxies that are coincident in redshift with the absorber have a narrow

velocity dispersion of σ ∼ 85 km s−1 and an average systemic velocity that is

∼ 485 ± 16 km s−1 with reference to the absorber redshift. The abundance of

& L∗ galaxies within such a narrow range of projected physical separation and

velocity offset indicates that the line of sight is possibly passing through a group

medium. Given the limited number count of galaxies at the redshift of the absorber

and the incompleteness of the sample for even L∗ luminosities, it is not realistic

to formally define a galaxy group through a friends of friends approach, or similar

standard algorithms.
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Figure 3.8: Galaxy distributions at z ∼ 0.6

Figure 3.8 The Left panel shows the distribution of galaxies within 30× 30 arcmin and |Δv| = 1000 km s−1 of z = 0.6 in 100 locations randomly

sampled from the SDSS footprint. The distribution indicates that only a small (15%) probability of finding more than 6 galaxies in the sampled volume.

Thus, 7 galaxies detected in the simialr seperation around z = 0.61707 absorber is less likely be a random coincidence. In the Right panel is the

luminosity distribution of the galaxies from the random sampling, indicating that the completeness of SDSS is poor for L ≤ L∗ at z = 0.6, which is

inturn consistent with the large luminosities that we find for the galaxies in the extended environment around both Ne viii absorbers.
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Figure 3.9: Galaxy Distribution Near the z = 0.61907 Absorber

Figure 3.9 Figure shows the galaxies observed in SDSS survey within 30× 30 arcmin

and 1000 km s−1 from the absorber detected at z = 0.61907 towards the QSO sightline

SDSS J080908.13 + 461925.6. Galaxies associated with this absorber is shown with

filled circles where the colour coding corresponds to the velocity separation of the

galaxy from the absorber. The line of sight is indicated by the "+" sign.

73



Table 3.4: Galaxies associated with the absorbers

R.A. Dec. z Δv km s−1 η (arcmin) ρ (Mpc) g(mag) r(mag) Mg (L/L∗)g

zabs = 0.61907 (v = 0 km s−1) Absorber towards SDSS J080908.13 + 461925.6

122.360 46.3802 0.6199 ± 0.0002 153± 40 4.62868 1.9 24.4 ± 0.9 21.0± 0.1 -18.9 0.1

122.346 46.4186 0.6207 ± 0.0002 301± 40 6.25086 2.6 22.0 ± 0.1 21.2± 0.1 -22.0 2.3

122.662 46.2525 0.6212 ± 0.0002 385± 40 16.2716 6.7 23.7 ± 0.7 21.7± 0.2 -21.8 1.9

122.060 46.1669 0.6223 ± 0.0002 590± 40 13.2152 5.5 23.0 ± 0.4 20.7± 0.1 -21.4 3.6

122.369 46.4542 0.6215 ± 0.0003 449± 55 8.58469 3.5 22.7 ± 0.3 20.9± 0.2 -22.7 4.3

121.689 46.4168 0.6157 ± 0.0001 −620± 30 25.2369 10.4 20.7 ± 0.1 20.1± 0.1 -22.8 5.1

122.839 46.0672 0.6239 ± 0.0002 897± 40 27.7513 11.4 23.4 ± 0.4 21.7± 0.2 -21.9 2.1

122.746 46.4922 0.61 ± 0.04p 21.6522 8.9 23.0 ± 0.2 21.2± 0.1 -22.3 3.3

Table 3.4 Comments: Information on the the galaxies identified by SDSS within 1000 km s−1 and ∼ 30 arcmin from the two absorbers are listed here.

The equatorial coordinates of the galaxies are in the first two columns. The third column lists the spectroscopic redshifts of the galaxies as given by

SDSS. The radial velocity separation between the absorber and the galaxy is in the fourth column. The angular separation between the absorber and

the galaxy in the plane of the sky, and the corresponding projected physical separation are given in the next two columns. The projected separation was

estimated assuming a ΛCDM universe with H0 = 69.6 km s−1 Mpc−1 , Ωm = 0.286 and ΩΛ = 0.714. The apparent magnitude in the g-band is given in

column 7. The absolute magnitude listed in column 8 was K-corrected using the emperical K-correction given by Westra et al. (2010). The last column

provides the luminosity in terms of the Schechter luminosity of M⋆ = −21.06 at z = 0.6 obtained from Ilbert et al. (2005). For estimating the projected

separation and luminosity distance to these galaxies, we have used the cosmology calculator of Wright (2006).
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We used random sampling to investigate whether the line of sight is indeed

probing an overdensity region, or if the detection of galaxies is consistent with

their random distribution in space. We selected 100 different locations within the

SDSS footprint at random and searched for galaxies at z = 0.6 that lie within 30×
30 arcmin and |Δv| = 1000 km s−1 of each location. The frequency distribution

from this random sampling, shown in Figure 3.8, suggests that there is only a

15% chance of finding more than 6 galaxies within the sampled volume. During

more than half the number of times (∼ 56%), our sampling found only 2 galaxies

or less in the search window, indicating that the region intercepted by SDSS

J080908.13+461925.6 at the location of the absorber is most likely an overdensity

region, such as a group or cluster environment.

In the case of the z = 0.61907 absorber, the SDSS data only suggests that

the Ne viii is in a high density region of luminous, massive galaxies. This gen-

eral picture is consistent with more exhaustive absorber-galaxy surveys that have

repeatedly found warm absorbers closely associated with galaxy overdensity re-

gions (e.gs, Wakker and Savage 2009, Chen and Mulchaey 2009, Narayanan et al.

2010b, Stocke et al. 2014, Werk et al. 2016). Only by extending the galaxy com-

pleteness to fainter magnitudes will it be possible to say whether the Ne viii is

coincidental with the warm extended envelope of a sub-L∗ galaxy or the shock-

heated phase in intergalactic filaments.

3.6 Origin of the Ne viii absorber

To discriminate the origin of an absorber only from the information of a single

line of sight is a challenging task. Hence, we discuss some general possibilities of

the origin of the absorber.

With the limited sample of Ne viii absorbers, the absorber-galaxy association

of Ne viii ion is not well understood. However, it is found that most of the Ne viii

absorbers detected so far are from a galaxy overpopulated region. A similar trend

is also observed in the absorber discussed in this chapter where a random sampling

of galaxies at redshift z = 0.6 showed that Ne viii absorption is coming from a

galaxy overdensity regions.
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The halo size estimates of these galaxies suggest that the absorber is not as-

sociated with the halo of any of these galaxies. However, at z ∼ 0.6, SDSS can

detect only very bright galaxies with & 6 L∗ with 90% completeness. Thus, it

is still possible that the absorber can be associated with galaxies which are not

detected in the SDSS survey. The near solar metallicity and strong H i column

density observed in the photoionized gas phase of the absorber are favorable for

such a scenario.

Another possibility is the intergroup origin of the absorber. The hydrodynamic

simulations of structure formation suggested that a large fraction of baryons in the

low-redshift universe exist in the form of warm - hot baryons outside of galaxies.

These baryons are dominated in the regions with overdensity of 30 − 100, which

is extended to the region of over-density of δ ∼ 1000 ( See Figure 1.4). This

is consistent with the theoretical predictions of Mulchaey et al. 1996 that the

intragroup medium can have gas with temperature T ∼ 105 − 106 K. Presently,

such a medium can be probed only through high ionization absorption lines such

as O vi, Ne viii and thermally-broad Lyα against the light from background

QSOs. The absorber detected here could be from such a gas phase. As the gas in

the medium constantly interacting with the galaxies through the various feedback

mechanism, the metallicity determined for the absorber is not far away from a

reality.

3.7 Summary

The chapter discusses the detection of an intervening Ne viii absorber at z =

0.61907 towards the background quasars SDSS J080908.13 + 461925.6. The key

results are the following.

1. The z = 0.61907 absorber is seen in H i, C ii, C iii, N iii, O iii, N iv, O iv,

O vi, and Ne viii. The Ne viii 770 line is detected with a significance of

3.0σ taking into account the statistical and systematic uncertainities. The

total column density of the ion is estimated to be log [N(Ne viii), cm−2] =

13.76 ± 0.14. The Ne viii 780 line is a non-detection.
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2. Ionization models suggest a two-phase solution for the z = 0.61907 absorber.

The low and intermediate ions are most consistent with photoionized gas

with nH ∼ 7 × 10−4 cm−3, T ∼ 1.5 × 104 K, p/K ∼ 10.5 cm−3 K, and an

absorption path length of L ∼ 14.6 kpc. The ionic column densities yield

abundances of [C/H] = [O/H] = −0.2, [N/H] = −1.0 and [S/H] = −0.4, with

an uncertainty of ± 0.3 dex. The O vi is also consistent with an origin in

this photoionized gas phase.

3. The Ne viii in the z = 0.61907 absorber is found to be tracing a higher tem-

perature gas phase that is dominantly collisionally ionized. The observed

log [N(Ne viii)/N(O vi) & −1.25 indicates collisional ionization equilib-

rium temperatures of T & 4.3× 105 K for this phase. Using hybrid models

of photoionization and collisional ionization, we find this warm phase of the

gas to be at nH ≤ 10−3 cm−3, corresponding to an overdensity of Δ ∼ 1000.

The H i absorption associated with this gas phase is unknown. Hence the

total hydrogen column density, absorber line-of-sight thickness and neon

abundance are only approximately constrained to N(H) ∼ 2.7× 1020 cm−2,

L ∼ 87 kpc and [Ne/H] ∼ −0.5.

4. The absorber is tracing regions where there are a number of galaxies. Over a

uniform projected physical separation of ∼ 10 Mpc and a velocity separation

of Δv ∼ 1000 km s−1, 7 galaxies are identified by SDSS near to this absorber.
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CHAPTER 4

Detection of a Ne viii Absorber at z = 0.57 Probing

Warm Gas

4.1 Introduction

In this chapter, I discuss the detection and characterization of another Ne viii

absorber at redshift z = 0.57052 towards the background quasar SBS 1122 + 594

probing warm - hot gas. This is the twelfth detection of intervening Ne viii

absorber, made possible by the high sensitivity of COS at far UV wavelength. The

formal significance of Ne viii detection is ∼ 2.8σ. The uncontaminated broad lines

of O vi and H i together constraint the thermal broadening of the absorption,

which gave, a model-independent measure of temperature ( T ∼ 1 × 105 K).

The estimated temperature is too high for photoionization. We find a hybrid

ionization model of gas with temperature T = 1× 105 K and sub-solar metallicity

can reproducing the properties of the absorber. From the SDSS database, we find

several luminous (& L∗) galaxies in the vicinity of the absorber. The absorber is

most likely the gas in the circumgalactic medium of a 2.6L∗ galaxy.

The chapter is organized as follows. In Section 4.2, the information on the

COS archival observations of SBS 1122 + 594 and the data analysis techniques

is briefly explained. The general description of the absorber and their properties

are presented in Section 4.3. The ionization modelling, the derived physical and

chemical abundances of the absorber are discussed first the next Section 4.4, fol-

lowed by Section 4.5 consists of information on the galaxies identified by the SDSS

that are coincident in redshift with the absorber. The results are summarized in

section 4.8.



Table 4.1: Individual COS integrations for the quasar SBS 1122 + 594

MAST ID DATE GRATING λc (Å) t (S)

LB4R11010 7 -11-2009 G130M 1291 2524

LB4R11020 7 -11-2009 G130M 1300 2450

LB4R11030 7 -11-2009 G130M 1309 2450

LB4R11040 7 -11-2009 G130M 1318 2450

LB4R11050 7 -11-2009 G160M 1589 2600

LB4R11060 7 -11-2009 G160M 1600 2600

LB4R11070 7 -11-2009 G160M 1611 2600

LB4R11080 7 -11-2009 G160M 1623 2601

Table 4.1 Table show the details of individual exposures used to generate the final spectra.

The column from left to right corresponds to the name of the exposure in MAST database,

date of the observation, grating used for the observation, central wavelength of the grating and

the exposure time respectively.

4.2 The HST/COS Data

The SBS 1122+ 594 (zem = 0.8514) COS individual exposures were also retrieved

and processed in a similar manner. The quasar was observed for 9.8 ks with

the COS G130M grating and 10.5 ks with G160M grating settings. Under each

grating setting, multiple exposures with different central wavelengths were used for

covering the wavelength gap between the two detector segments of the instrument.

The coadded spectrum has continuous wavelength coverage in the range 1135 −
1790 Å. The Nyquist sampled spectrum has S/N varying in the range 5− 15 per

pixel, with the peak S/N occurring at λ ∼ 1200 Å, which is incidentally close to

the redshifted location of Ne viii 770, 780 lines in the absorber identified along

this sight line. For both sightlines, our coadded version of the spectra agree with

the independent extraction method of Bart Wakker, discussed in the appendix of

Wakker et al. (2015).
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Figure 4.1: z = 0.57052 absorber in restframe

Figure 4.1 The continuum normalised spectra of the z = 0.57052 absorber towards

SBS 1122+ 594. The gray regions in the various panels indicate contamination, i.e., absorption

not associated with this system. Some of the major contaminations are (a) and (b) Galactic

Si ii 1527, (c), (d), and (e) associated Ne viii 770, (f) Lyα at z = 0.2777 for which

corresponding Lyβ and Lyγ are identified, (g) C iv 1548 at z = 0.0040 for which

corresponding Lyα, Si iv λλ1394, 1403, Si iii lines are present (h) Galactic 1200, (i) Lyβ at

z = 0.2777 for which corresponding Lyα and Lyγ are present, (j) possibly Lyα at z = 0.0169,

(k) Si iii 1206 at z = 0.0040 confirmed by the presence of corresponding Lyα,

C iv λλ1548, 1550, Si iv λλ1394, 1403 lines (l) Lyβ at z = 0.1944 for which other Lyman series

lines, O vi 1031, 1037 etc are identified (m) possibly Lyα at z = 0.0093, (n) possibly Lyα at

z = 0.0163, (o) possibly Lyα at z = 0.2207, and (p) O vi 1032 at z = 0.4201 for which higher

order Lyman series lines are identified.
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4.3 The z = 0.57052 Absorber towards

SBS 1122 + 594

The absorber is detected in H i, O iv, N iv, O vi and Ne viii. Continuum nor-

malized velocity plots of important transitions are shown in Figure 4.1. The H i

clearly shows three distinct components at at −8, −122, −227 km s−1. The metal

lines are all aligned with the −8 km s−1 component, which interestingly is not the

strongest component in H i. The COS spectrum also covers wavelength regions

where lines from C ii, C iii, O iii, S iv, and S vi are expected. The line mea-

surements are given in Table 4.2. The O vi 1031, 1037 lines were simultaneously

fitted freely with Voigt profiles. The lines fall in a comparatively low S/N (∼ 6

per 17 km s−1 resolution element) part of the spectrum, which is reflected in the

large uncertainty associated with the fit parameters, and in the unusual equiv-

alent width ratio between the two lines of the doublet. The doublet lines have

a combined detection significance of 4.1σ. The column density from profile fit-

ting is similar to the integrated apparent column density obtained for the 1032 Å

and 1038 Å lines. This indicates little unresolved saturated structure in the O vi

profiles. The same is also true for Lyβ, N iv 765 and O iv 788 transitions.

The Lyβ and Lyθ lines were also simultaneously fitted with three components.

The Lyγ transition was excluded from the profile fitting as the region is severely

contaminated by Galactic Si ii 1527 and a Lyα absorber at z = 0.2569. From

profile fitting, we find that the H i component associated with the metal lines is

fairly broad (b ∼ 50 km s−1). This component is undetected in Lyθ, as we expect

it to be too weak. Our assumption of a simple three-component model for the H i

can be a source of systematic uncertainty in the line measurements. Given the low

S/N of data, we cannot ascertain whether the true kinematic nature of the H i

is more complex. Future observations involving the near-UV channel of COS will

allow coverage for Lyα associated with this system, offering valuable constraints

on the velocity profile of H i.

The O iv 788, and N iv 765 lines were also fitted with single component Voigt

profiles. Figure 4.1 shows the profile models for these various transitions.

At the location of S v 786 there is a very weak feature detected at 2.2σ sig-
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nificance. We find this feature to be inconsistent with being S v as none of the

ionization models (discussed later) are able to simultaneously explain the detec-

tion of S v with the non-detections of its adjacent ionization stages, namely S iv

and S vi. It is quite likely that this is an unidentified interloping feature.

4.3.1 The Ne viii 770, 780 Detection

The Ne viii 770, 780 absorption falls at a region of the spectrum where the S/N ∼
12 per wavelength bin, which is a factor of 2 higher compared to the S/N at the

Lyβ or the O vi lines. The Ne viii 770 feature has a rest-frame equivalent width

of Wr = 26 ± 9 mÅ when integrated over the velocity range from −60 km s−1

to 40 km s−1. This corresponds to a formal detection significance of 2.9σ. The

statistical and the continuum placement errors have been taken into consideration

in the error estimation. Including an additional 5 mÅ to account for possible

detector fixed pattern residual noise features would bring the detection significance

down to 2.5σ. The redshifted wavelength of the accompanying Ne viii 780 feature

is contaminated by a strong Lyβ feature from an absorber at z = 0.1944 for

which corresponding Lyα, C iii, O vi and several other metal lines are seen. The

contamination renders a measurement on Ne viii 780 impossible.

In the individual exposures, the Ne viii 770 has rest-frame equivalent widths

of Wr = 31 ± 19 mÅ, Wr = 17 ± 20 mÅ, Wr = 24 ± 18 mÅ and Wr =

28 ± 18 mÅ for observations with G130M grating central wavelengths of 1291 Å,

1300 Å, 1309 Å and 1318 Å respectively. All of these observations have the same

FP-SPLIT position. As with the previous case, we compared the spectra of a

set of five quasars with the same COS grating settings and find no evidence for

fixed pattern noise in this region of detector space. The absorption reported as

Ne viii 770 occurs at λ = 1209.85 Å. This is not identified as an interloping

line from other absorbers discovered along this sightline in the independent line

identifications done by Danforth et al. (2016) and one of the co-authors (Bart

Wakker).
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Table 4.2: Line Measurements for the absorber at z = 0.57052

Voigt Profile Measurements

Transition v (km s−1) b(km s−1) log [N (cm−2)]

H i 950-1026 −8± 7 49± 11 14.46± 0.07

−122± 2 26± 3 14.97± 0.04

−227± 5 34± 7 14.44± 0.06

O vi 1032-1038 4± 5 20± 6 13.95± 0.06

O iv 788 0± 4 12± 6 13.84± 0.09

N iv 765 0± 5 25± 7 13.15± 0.07

Ne viii 770 −2± 10 38 ± 7 13.92± 0.14

N ii 1084 10± 2 10 ± 4 13.93± 0.09

Integrated Apparent Optical Depth Measurements

Transition Wr(m) log [N (cm−2)] [-v,v](km s−1)

Ne viii 770 26± 9 13.72± 0.15 [-60, 40]

Ne viii 780 < 22 < 13.9 [-15, 40]

C iii 977 < 40 < 13.0 [-60, 50]

O iii 833 < 45 < 13.8 [-60, 50]

S vi 933 < 33 < 13.0 [-60, 50]

S vi 945 < 36 < 13.3 [-60, 50]

S iv 748 < 30 < 13.1 [-60, 50]

C ii 903.9 < 30 < 13.0 [-60, 50]

C ii 903.6 < 30 < 13.3 [-60, 50]

C ii 1036 < 60 < 13.7 [-60, 50]

N ii 1084 52± 17 13.75± 0.18 [-40, 20]

H i 1026 142± 23 14.40± 0.14 [-60, 50]

H i 972 45± 13 14.31± 0.13 [-60, 50]

H i 950 32± 13 14.47± 0.14 [-60, 50]

O vi 1032 82± 21 13.92± 0.13 [-60, 50]

O vi 1038 25± 19 < 14.0 [-60, 50]

O iv 788 25± 9 13.66± 0.15 [-40, 10]

N iv 765 41± 10 13.16± 0.12 [-60, 50]

Table 4.2 Comments: The line measurments were done using apparent optical depth

and Voigt profile fitting techniques. The various columns list the rest-frame equivalent

width, centroid velocity of the absorbing components, their b parameters, column

densities, and the velocity range of integration used to estimate these parameters.
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Figure 4.2: Ne viii profile comparisan with model

Figure 4.2 The top panel of the first column shows the observed Ne viii 770 in the

z = 0.57052 absorber, with the Voigt profile model superimposed. The bottom panel is

a synthetic Ne viii 770 feature with identical N and b as the observed line at

S/N = 20. The top and bottom panels of the second column show the corresponding

observed and synthetic Ne viii 780 spectra respectively. The synthetic spectra suggests

that the weak Ne viii can be a non-detection in the 780 Å line at the S/N of the data,

in agreement with observations.

4.4 Ionization & Abundances in the z = 0.57052

Absorber

The absence of low ionization species like C ii, O ii, C iii and O iii suggests

moderate to high ionization conditions in this absorber. Photoionization predicted
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column densities using Cloudy for the various metal ions are shown in Figure 4.3.

The models were computed for an H i column density of 14.46 dex which we

measure for the v ∼ −8 km s−1 component. The metal ions are all coincident in

velocity with this H i component. The ratio between the observed O iv and O vi

is valid for a density of nH = 1.8 × 10−4 cm−3. At this density, the models are

able to recover the observed column density of N iv, O iv, O vi for a metallicity

of [X/H] = −0.8 dex. This single phase solution, shown in Figure 4.3, is also

consistent with the non-detection of the low ionization species. The single phase

model with nH = 1.8 × 10−4 cm−3 yields a total hydrogen column density of

N(H) = 18.6, a temperature of T = 2.7×104 K, a gas pressure of p/k = 4.9 cm−3 K

and a line of thickness of L = 47.2 kpc for the absorbing medium.

The Ne viii column density from this gas phase is ∼ 1.8 dex lower than the

observed value. To explain Ne viii from the same phase would require the [Ne/H]

to be ∼ 10 greater than solar, whereas the C, N, O abundances are significantly

sub-solar. The alternative of the Ne viii arising in a separate photoionized phase

at higher ionization parameter can also be ruled out, as such a phase will also

produce significant O vi, and O iv in it, which will make the two-phase solution

incompatible with the observed column densities of these ions.

There is also a contradiction in the temperature arrived at through photoion-

ization modelling and the measured b-values of H i and O vi. The different b-

values for the reasonably well aligned H i and O vi suggests the temperature of

this gas phase to be T = (0.5− 1.5)× 105 K, where the range corresponds to the

1σ uncertainty in the b-values. Similar limits for temperature are obtained if we

use the b-values of H i and O iv. The values are too high for UV photoionization

heating. Such a conclusion rests on the assumption that the metal lines and Lyα

are adequately resolved by COS. In the O iv 788, S v 786 and O vi 1032 lines

there is no immediate evidence for kinematic substructure. The N iv 765 shows

slight assymetry in the bluer side of its profile. At the given resolution and S/N ,

it is difficult to rule out whether the lines are narrower than what is seen by COS.

86



Figure 4.3: PIE model of the absorber at z = 0.57052

Figure 4.3 The figure on the left panel is the PIE model for the absorber at z = 0.57052 with a fesc = 4% in the KS15 ionizing background. The curves

correspond to column density predictions at different densities for each ion, and the thick regions on each curve is where the model is consistent with the

observation to within 1σ. For a sub solar metallicity of −0.8 dex and at a density of nH ∼ 5× 10−3cm−3the PIE model can explain the observed column

density of all the ions except S v and Ne viii. The right panel shows the hybrid ionization model predictions for a temperature T=1× 105 K and the

KS15 EBR with fesc = 4%. The temperature used is based on comparing b(O vi) with b(H i). In the hybrid models, the various ions are produced from

a single phase with nH ∼ 10−4 cm−3 for elemental abundances of [O/H] = −1.4, [Ne/H] = −0.8, [N/H] = −1.0 and [S/H] = −1.0.
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The low S/N of the data not withstanding, the higher temperatures suggested

by the line widths could mean that the collisional processes may be playing a

significant role in controlling the ionization in this gas. A more realistic model

for this warm plasma could be one where electron collisions as well as photon

interactions are simultaneously considered. Such hybrid models are discussed in

the next section.

Hybrid ionization models

In Figure 4.3, we have also shown the predictions from hybrid models for an EBR

with fesc = 4%. The temperature of the plasma was set to T = 105 K, which

is the mean of the temperature range obtained from the thermal broadening of

H i and metal absorption lines. This temperature is closer to where O vi reaches

its peak ionization fraction, compared to the peak in Ne viii. From the observed

O iv to O vi ratio, the density is constrained to nH ∼ 10−4 cm−3, with only a

slight difference between the predictions from the two flavors of EBR.

The hybrid models suggest that it is possible for N iv, O iv, O vi and Ne viii

to be coming from the same gas phase with nH ∼ 10−4 cm−3, for non-solar relative

elemental abundances. This gas phase model yields a total hydrogen column

density of N(H) = 4.8 × 1019 cm−2, a line of sight thickness of L ∼ 196 kpc, and

represents a baryonic overdensity of Δ ∼ 100. The observed column densities are

recovered for [O/H] = −1.4, [Ne/H] = −0.8, and [N/H] = −1.0. The baryonic

column density and absorber size reduces to half, and the elemental abundances

increase by 0.2 dex for hybrid models with fesc = 0%.

The higher than solar (Ne/O) ratio may appear unusual. However, the solar

abundance of Ne is a poorly determined quantity. The lack of strong photospheric

Ne transitions in the optical or UV is the major source of uncertainty in solar

Ne abundance measurements. From X-ray spectroscopic observations of a sample

of stars in the 100 pc neighborhood of the Sun, Drake and Testa (2005) estimate

a value for (Ne/O) that is 2.3 times higher than the solar value of (Ne/O) =

−0.76 ± 0.11 given by Asplund et al. (2009). Adopting this revised estimate for

(Ne/O) with an increase of +0.3 dex will make the [Ne/H] ∼ [O/H] in the warm

gas phase.
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Figure 4.4: Galaxy Distribution Near the z = 0.57052 Absorber

Figure 4.4 The left panel shows the galaxies observed in SDSS survey within 30× 30 arcmin and 1000 km s−1 from the absorber detected at

z = 0.57052 towards SBS 1122 + 594. Galaxies associated with this absorber is shown with open circles where the colour coding corresponds to the

velocity separation of the galaxy from the absorber. The line of sight is indicated by the "+" sign. The right panel shows the distribution of galaxies

within a similar seperation towards 100 locations randomly sampled from the SDSS footprint. The distribution indicates that only a small (15%)

probability of finding more than 6 galaxies in the sampled volume. Thus, 6 galaxies(red dashed vertical line) detected in the simialr seperation around

z = 0.57052 absorber is less likely be a random coincidence.

89



Table 4.3: Galaxies associated with the absorbers

R.A. Dec. z Δv km s−1 η (arcmin) ρ (Mpc) g(mag) r(mag) Mg (L/L∗)g

zabs = 0.57052 (v = 0 km s−1) Absorber towards SBS 1122 + 594

171.45883 59.169975 0.570542 ± 0.00014 8± 30 0.497249 0.197 22.3 ± 0.2 20.9 ± 0.1 -22.2 2.6

171.50348 58.946364 0.568724 ± 0.00017 −339± 50 13.613460 5.395 22.8 ± 0.3 21.0 ± 0.1 -22.1 3.0

171.62853 58.931547 0.569372 ± 0.00050 −215± 100 15.236410 6.039 22.2 ± 0.2 20.6 ± 0.1 -22.6 4.0

170.93717 59.008323 0.570136 ± 0.00020 −69± 70 19.265253 7.635 22.1 ± 0.1 20.8 ± 0.1 -22.3 3.2

171.70715 58.785227 0.573197 ± 0.00019 514 ± 70 24.341730 9.648 21.2 ± 0.1 20.1 ± 0.1 -22.9 5.4

171.84478 58.847470 0.570971 ± 0.00018 90± 50 22.627742 8.968 22.3 ± 0.2 20.7 ± 0.1 -22.4 3.4

Table 4.3 Comments: Information on the the galaxies identified by SDSS within 1000 km s−1 and ∼ 30 arcmin from the two absorbers are listed here.

The equatorial coordinates of the galaxies are in the first two columns. The third column lists the spectroscopic redshifts of the galaxies as given by

SDSS. The radial velocity separation between the absorber and the galaxy is in the fourth column. The angular separation between the absorber and

the galaxy in the plane of the sky, and the corresponding projected physical separation are given in the next two columns. The projected separation was

estimated assuming a ΛCDM universe with H0 = 69.6 km s−1 Mpc−1 , Ωm = 0.286 and ΩΛ = 0.714. The apparent magnitude in the g-band is given in

column 7. The absolute magnitude listed in column 8 was K-corrected using the emperical K-correction given by Westra et al. (2010). The last column

provides the luminosity in terms of the Schechter luminosity of M⋆ = −21.06 at z = 0.6 obtained from Ilbert et al. (2005). For estimating the projected

separation and luminosity distance to these galaxies, we have used the cosmology calculator of Wright (2006).
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4.5 Galaxies Near the Absorber

The SDSS DR12 spectroscopic database is 90% complete only for galaxies with

luminosities & 6 L∗ at z ∼ 0.6 (Ilbert et al., 2005). This means that at any

intermediate redshift, SDSS would be revealing information only on those galaxies

that occupy the bright end of the luminosity function for that epoch. In this

section, we discuss the galaxies identified by SDSS DR12 in the neighbourhood of

z = 0.57052 absorber and the general conclusions derived from it.

The z = 0.57052 absorber towards SBS 1122+594 resides in a galaxy overden-

sity region with 6 galaxies identified within |Δv| = 1000 km s−1 of the absorber.

The distribution of galaxies is shown in Figure 4.4 with open circles, and their

information is listed in Table 4.3. The nearest galaxy with a spectroscopically

confirmed redshift is nearly at the systemic velocity of the absorber, at a close-

by projected separation of ρ = 197 kpc. The halo radius of this galaxy can be

estimated from its scaling relationship with luminosity as shown below.

logRvir = 2.257 + 0.318C + 0.018C2 − 0.005C3 (4.1)

where C = log(L/L∗). The L = 2.6 L∗ luminosity of the galaxy suggests that

the absorber is residing well within the galaxy’s virial radius of Rvir = 245 kpc.

The impact parameter is also comparable to the size of O vi absorbing halos

around luminous galaxies at low-z (Tumlinson et al., 2011a; Werk et al., 2013;

Muzahid, 2014). The second closest galaxy to the absorber is at a projected

distance of ∼ 5 Mpc and displaced in velocity by |Δv| ∼ 339 km s−1. The average

systemic velocity of the galaxies relative to the absorber is −27± 26 km s−1 and

the velocity dispersion is 111 km s−1. The abundance of & L∗ galaxies within such

a narrow range of projected physical separation and velocity offset indicates that

the line of sight is possibly passing through a group medium. Given the limited

number count of galaxies at the redshift of the absorber and the incompleteness of

the sample for even L∗ luminosities, it is not realistic to formally define a galaxy

group through a friends of friends approach, or similar standard algorithms.

We used random sampling to investigate whether the line of sight is indeed
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probing an overdensity region, or if the detection of galaxies is consistent with

their random distribution in space. We selected 100 different locations within the

SDSS footprint at random and searched for galaxies at z = 0.6 that lie within 30×
30 arcmin and |Δv| = 1000 km s−1 of each location. The frequency distribution

from this random sampling, shown in Figure 4.4, suggests that there is only a 15%

chance of finding more than 6 galaxies within the sampled volume. During more

than half the number of times (∼ 56%), our sampling found only 2 galaxies or less

in the search window, indicating that the region intercepted by SBS 1122+594, at

the location of the absorber is most likely an overdensity region, such as a group

or cluster environment.

The densities predicted by the hybrid models correspond to overdensities (Δ =

ρ/ρ̄ & 102) that are reminiscent of hot halos and the warm-hot intergalactic gas in

simulations (Smith et al., 2011; Gaikwad et al., 2016a). The z = 0.57052 absorber

is well within the virial radius of a 2.6 L∗ galaxy. Using the r-band magnitude and

halo mass (Mh) relationship given by Tinker and Conroy (2009), we estimate that

this galaxy resides in a halo of minimum mass Mh ∼ 1014 M⊙. The corresponding

virial temperature of the dark matter halo comes out to be Tvir ∼ 107 K. Since

the halo mass is greater than the critical mass of Mh ∼ 1011 M⊙ for virial shocks

(Birnboim and Dekel, 2003), any gas accreted by the galaxy from the surrounding

will be initially shock heated to the halo virial temperature. Subsequently, the gas

can radiatively cool falling out of hydrostatic equilibrium with the halo. With our

estimates of T ∼ 105 K, nH ∼ 10−4 cm−3, and [X/H] ∼ −1.0, the instantaneous

radiative cooling time scale comes out as tcool ∼ 20 Myrs (Sutherland and Dopita,

1993). These estimates hint at the possibility that the z = 0.57052 absorber, with

its comparatively low metallicity, could be material infalling into the hot extended

corona of the galaxy.
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Table 4.4: Intervening Ne viii detections so far

Line of sight zabs Transition Wr(m) log[N ] log[N(H)] logT K [X/H] Origin of

Ne viii

HE 0226-4110 0.2070 Ne viii 770 32.9 ± 10.5 13.85+0.12
−0.17 20.06 5.68 — Collisional

(Savage et al., 2005) Ne viii 780 24.9 ± 10.6 14.03+0.15
−0.24 — — —

(Savage et al., 2011a) Ne viii 780 24.9 ± 10.6 14.03+0.15
−0.24 — — —

O vi — 14.38 ± 0.01 — — −0.89

3C 263 0.32566 Ne viii 770 47± 11.9 13.98+0.10
−0.13 — 5.80 — Collisional

(Narayanan et al., 2009)

PKS 0405-123 0.4951 Ne viii 770 45± 6 13.96 ± 0.06 19.67 5.70 −0.6 Collisional

(Narayanan et al., 2011a) Ne viii 780 29± 5 14.08 ± 0.07 — — −0.6

O vi 1038 153 ± 5 14.48 ± 0.01 — — —

PG1148+549 0.6838 Ne viii 770 51± 12 13.98 ± 0.09 19.80 5.69 > -0.5 Collisional

(Meiring et al., 2013) O vi 1032 234 ± 19 14.47 ± 0.03 — — > -0.5

O vi 1038 149 ± 23 14.50 ± 0.06 — — > -0.5

0.7015 Ne viii 770 28± 5 13.75 ± 0.07 19.00 5.69 > -0.2 Collisional

Ne viii 780 18± 6 13.86 ± 0.11 — — >-0.2

O vi 1032 168 ± 19 14.29 ± 0.04 — — >-0.2

O vi 1038 113 ± 19 14.35 ± 0.06 — — >-0.2

0.7248 Ne viii 770 26± 8 13.70 ± 0.12 18.90 5.72 > 0 Collisional

Ne viii 780 19± 5 13.87 ± 0.10 — — >0

O vi 1032 71± 20 13.84 ± 0.10 — — >0

O vi 1038 37± 12 13.87 ± 0.15 — — >0

Table 4.4 Comments: The table is a compilation of all intervening Ne viii detections so far. Column 4 is the equivalent width in the rest-frame of the absorber,

column 5 is the apparent optical depth measured column densities, column 6 lists the total hydrogen column density, column 7 is the temperature reported by the

authors for the Ne viii gas phase, and column 8 is the dominant ionization mechanism for the production of Ne viii as concluded by the respective authors.
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Table 4.5: Intervening Ne viii detections so far

Line of sight zabs Transition Wr(m) log[N ] log[N(H)] logT K [X/H] Origin of

Ne viii

PG 1407+265 0.5996 Ne viii 780 52.8 ± 6.6 14.15 ± 0.18 19.40 4.80 > 0 Photoionised

(Hussain et al., 2015) O vi — 14.57 ± 0.05 — — —

LBQS 1435-0134 1.1912 Ne viii — 13.96 ± 0.17 19.92 — 0.3 Collisional

(Qu and Bregman, 2016) O vi — 14.49 ± 0.05 — — —

PG 1206+459 0.927 Ne viii -1 — 13.71 ± 0.29 19.4 5.4 3 Collisional

(Tripp et al., 2011) Ne viii -2 — 14.08 ± 0.08 20.3 5.6 1

Ne viii -3 — 14.07 ± 0.04 — — 0.5

Ne viii -4 — 14.53 ± 0.04 20.4 5.6 1

Ne viii -5 — 14.21 ± 0.05 — — —

Ne viii -6 — 13.30 ± 0.27 — — —

Ne viii -7 — 13.78 ± 0.09 — — —

QSO J1154+4635 Ne viii 770 — 14.65 ± 0.08 — — —

(Bordoloi et al., 2016) O vi — 14.71 ± 0.01 — — —

SDSS J080908+ 0.61907 Ne viii 770 28± 8 13.76 ± 0.14 20.45 > 5.6 < 0.5 Collisional

461925.6 (this work) O vi 1038 248± 18 14.79 ± 0.06 — — —

SBS 1122 + 594 0.57052 Ne viii 770 26± 9 13.72 ± 0.15 19.70 5.0 < -0.8 Collisional

(this work) O vi 1032 82± 21 13.92 ± 0.13 — — -1.4

Table 4.5 A continution of Ne viii detection sofar. See Hussain et al. 2017 for a remodeling of 7 of these absorbers using the updated KS15 ionizing

background, and the likelihood of a photoionization origin for the Ne viii at supersolar metallicities.
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4.6 The Origin of z = 0.57052 Absorber

The galaxy information available in SDSS database shown that the absorber z =

0.57052 is only 0.197 Mpc ( projected separation ) separated in the sky and ∼ 50

km s−1 in velocity from the L = 2.6 L∗ galaxy is most likely associated with the

halo of this galaxy. The total mass of the halo could be of the order of Mh ∼
1014 M⊙ which can have a virial temperature of 107 K. Thus, a gas cloud infalling

to the halo from desolate regions of IGM can be heated up to a temperature of

∼ 106 K. The sub-solar metal abundance for this absorber is consistent with such

a scenario.

4.7 On the Origin of Ne viii Absorbers

Recently, Hussain et al. (2017) remodelled 7 out of the 10 previously known Ne viii

absorbers by replacing the earlier UV background models of Haardt and Madau

(1996, 2012) with the KS15. The KS15 radiation field, with the recently up-

dated QSO emissivities and SEDs, has a ∼ 3 times higher intensity compared to

Haardt and Madau (2012) at energies > 4 Ryd where the ionization potentials of

O vi and Ne viii lie. They found that in the absence of any direct evidence for

warm-hot temperatures (i.e., the detection of a thermally broad Lyman-α line),

the Ne viii can also be explained through photoionization. The KS15 background

yields an order of magnitude higher values for density and metallicity compared

to the Haardt & Madau UV background. This results in the absorber line-of-sight

thickness decreasing from an unrealistically large & Mpc scale to 10 − 200 kpcs,

thereby making the photoionization solution a viable alternative. But in the same

models, the photoionized Ne viii gas requires solar, and in most cases supersolar

(nearly ten times solar) metallicities to match the observed metal line column den-

sities Hussain et al. (2017). This is suggestive of the absorption tracing gas that is

directly enriched by star formation, and not the canonical low metallicity WHIM

distant from galaxies, that simulations predict. On the other hand, the sample

of absorbers discussed in this chapter have sub-solar metallicities. Interestingly,

in the z = 0.57052 system for which we have an ionization model independent

measure on the warm temperature, the [Ne/H] ∼ −1.0 dex, in agreement with the

95



general predictions of Hussain et al. (2017) that at low metallcities, Ne viii can

stay longer at high temperature and is a good predictor of warm gas.

Through cosmological simulations, Tepper-García et al. (2013) had investi-

gated the physical origin of Ne viii systems. Their analysis demonstrates that

the peak ionization fraction of f(Ne viii) ∼ 10% is achieved through photoion-

ization only at very low densities of nH ∼ 10−6 cm−3 (with the KS15 background

this changes to 10−5 cm−3) and T ∼ 104 K in contrast to collisional ioniza-

tion (nH ∼ 10−4 cm−3, T & 105 K). As a result, for the same metallicity, the

N(Ne viii) ∝ (nH T )1/2 comes out as ∼ 1 − 2 orders of magnitude more when

it is tracing a warm (collisionaly ionized) phase compared to a photoionized case.

Observationally, collisionally ionized Ne viii will be therefore easier to locate in

spectra of adequately high sensitivity. Considering this, it is possible that most of

the Ne viii detections reported till now (Table 4.4, 4.5) are likely to be tracers of

warm plasma and to a lesser extent photoionized gas. It needs to be mentioned

here that the results of Tepper-García et al. (2013) differ from the simulations of

Oppenheimer et al. (2012) who find Ne viii to be predominantly from T ∼ 104 K

phase of the low-z IGM. The simulations are inconclusive because of the differ-

ences between them in the treatment of physics, the assumptions made and in the

implementation of Galactic scale processes. Given such circumstances, the inter-

pretation of observations based on simulations should be done with prudence.

In certain cases, the data cooperate in a way that allows one to infer the

thermal conditions in the absorber without depending on ionization models. For

example, in the Ne viii absorbers reported by Savage et al. (2005, 2011a) and

Narayanan et al. (2009, 2012), the presence of a BLA (albeit at low significance)

offered a direct measure on the temperature (T ∼ 5 × 105 K) of the Ne viii

phase of the gas. Similarly, for the z = 0.57052 absorber in this chapter, the

temperature of the warm plasma was ascertained from the different b-values of the

metal lines and H i. Identifying BLAs in metal line systems traced by O vi and

Ne viii is possibly one of the best ways to infer the presence of warm-hot gas.

Detection of thermally broad and shallow H i components in an unambiguous

way, particularly in multiphase absorbers, will depend on the availability of high

(S/N & 50) spectroscopic observations with HST /COS.
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4.8 Summary

1. The z = 0.57052 absorber has H i, N iv, O vi and Ne viii lines detected.

The Ne viii 770 line has a significance of 2.9σ. The b-parameters for O vi

and the corresponding H i component indicates temperature in the range of

T = (0.5−1.5)×105 K, which is also consistent with the line widths of O iv

and N iv, and supports collisional ionization.

2. At temperature T ∼ 105 K, the hybrid models offer a single phase solution

with nH ∼ 10−4 cm−3 for all the detected ions, corresponding to overdensities

of Δ ∼ 100. This warm gas phase has a total hydrogen column density of

N(H) = 4.8 × 1019 cm−3, and a thickness of L ∼ 196 kpc, with [Ne/H] ∼
[O/H] ∼ −1 dex.

3. The absorber tracing regions where there are a number of galaxies. Over a

uniform projected physical separation of ∼ 10 Mpc and a velocity separation

of Δv ∼ 1000 km s−1, 6 galaxies are identified by SDSS near to the z =

0.57052 absorber. In the latter case, the absorber is within the halo virial

radius of a 2.6L∗ galaxy and could be tracing an infalling shock heated gas

cloud in to the halo of the galaxy.
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CHAPTER 5

Detection of a Pair of O vi Absorbers at z ∼ 0.4

Probing Warm Gas

5.1 Introduction

In the previous two chapters, we discussed the detection of warm hot baryons in

the low redshift universe using Ne viii as a probe. Compared to Ne viii, O vi

is ubiquitous in the universe because of the higher cosmic abundance of oxygen.

The lines of O vi can be easily detected even at low S/N through it’s strong 1032,

1038 Å doublet transitions. Ultraviolet surveys have therefore relied a great deal

on O vi as probes to locate undetected warm hot baryons at low-z (Tripp et al.,

2008; Danforth et al., 2006; Danforth and Shull, 2008; Savage et al., 2014).

However, the origin of O vi in IGM is ambigous. It is found that cool (T .

104 K) photoionized gas at very low densities (nH ∼ 10−5 cm−3) can produce

strong O vi absorption of N(O vi) & 1014 cm−2 (Thom and Chen, 2008b,c; Tripp et al.,

2008; Prochaska et al., 2011; Muzahid et al., 2015). On the other hand, there

are instances where O vi seems to be clearly associated with shock-heated warm

gas with T ∼ 105 − 106 K (Narayanan et al., 2010a,b; Savage et al., 2011c,b;

Muzahid et al., 2012; Savage et al., 2014). In complex multiphase absorbers, the

distinction between these two scenarios are often blurred.

In this chapter, I will discuss on the detection of two O vi absorbers, kine-

matically proximate to each other, identified in the HST/COS far-UV spectrum

of the quasar SBS 0957 + 599. In both absorbers, a BLA is detected, but only

in one of them, the broad-H i is coincident in velocity with the O vi. The coin-

cidence of the BLA with the O vi allows us to discriminate between a collisional

ionisation and a photoionization scenario. In one of the absorbers, the O vi is

tracing T ∼ 7 × 105 K gas. On the other hand, O vi is consistent with cooler

T ∼ 4.6×104 K photoionized gas in the second detection. In Sec 5.2, a description



Table 5.1: Individual COS integrations for the quasar SBS 0957 + 599

MAST ID DATE GRATING λc (Å) t (S)

LBHO65010 18 -03-2011 G130M 1291 1618

LBHO65020 19 -03-2011 G130M 1309 1682

LBHO65030 19 -03-2011 G160M 1600 2710

LBHO65040 19 -03-2011 G160M 1623 2491

Table 5.1 Table show the details of individual exposures used to generate the final spectra.

The column from left to right corresponds to the name of the exposure in MAST database,

date of the observation, grating used for the observation, central wavelength of the grating and

the exposure time respectively.

of the spectroscopic data is given. Sec 5.3 offers details on both absorbers and

the respective line measurements. The ionisation mechanisms, absorber physical

properties and the chemical abundances are discussed in Secs 5.4 & 5.5. Sec 5.6

provides the information on the galaxies detected near the absorber. The possible

origin of both multiphase absorbers are dealt within Sec 5.7 and Sec 5.8 provides

a summary of the significant results.

5.2 The HST/COS Data

The ultraviolet HST/COS (Green et al., 2012) spectroscopic observations for SBS

0957+599 (zem = 0.746) were extracted from the MAST public archive1. The

quasar was observed as part of the COS program to map the gaseous halos of

dwarf galaxies (PI. J Tumlinson, Prop ID 12248). The data were reduced using

the STScI CalCOS (v3.0) pipeline. The observations consists of far-UV spec-

tra obtained with the G130M and G160M gratings for total integration times of

3.3 ks and 5.2 ks respectively. The combined spectrum has a wavelength coverage

of 1150− 1800 Å, and a wavelength dependent resolution of R ∼ 15, 000− 20, 000

which progressively increases towards longer wavelengths. The COS wavelength

calibration has residual errors of ∼ 20 km s−1, which are at the level of a resolution

1https://archive.stsci.edu/
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Figure 5.1: The absorbers at z ∼ 0.4

Figure 5.1 Continuum normalized spectral regions of prominent lines associated with

the z = 0.41614 (v ∼ 0 km s−1) and z = 0.41950 (v ∼ 710 km s−1) absorbers. The

vertical lines indicate the relative velocities of the absorbers. Only H i 1216 − 950, and

O vi are > 3σ detections for the z = 0.41950 system. The 1σ error spectrum can also

be seen at the bottom of each plot window. The shaded portions indicate absorption

unrelated to the line. The absorption contaminating H i 950 is identified as O vi 1032

at z = 0.3036 for which the corresponding O vi 1038, H i, C iii, Si iii are also

detected. Similarly, the contamination to N iii 990 could be from interstellar

Si iv 1403 Å.
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Figure 5.1 continue. For the v ∼ 0 km s−1 absorber, Si ii 1190, Si ii 1260, N v and

S vi are non-detections at > 3σ. The C ii 904a (λ = 903.9616 Å) and C ii 904b

(λ = 903.6235 Å) are mutually blended at v < −50 km s−1 and v > 50 km s−1

respectively. Their wavelength separation is only 0.5 Å in the observed frame. The

absorption at v ∼ 400 km s−1 in the C ii 1036 panel is O vi 1038 from the absorber

discussed in this chapter. Similarly the feature at v ∼ 710 km s−1 in the Si ii 1190

panel is Si ii 1193 at v ∼ 0 km s−1.

element of the instrument (Savage et al., 2011c; Meiring et al., 2013). Within an

exposure, the residual errors are found to vary with wavelength. To reduce the

impact of these wavelength dependent offsets between exposures, we adopted an

algorithm of comparing the position of Galactic ISM and IGM lines between expo-
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Figure 5.2: Voigt profile model for the absorber at z = 0.41614

Figure 5.2 Voigt profile models are shown superimposed on the continuum normalized

data with 1σ error bars. The H i absorption is modeled by simultaneously fitting the

Lyman series lines. The H i is best fitted with three kinematically distinct components,

the positions of which are indicated with the vertical tick marks. The H i 950 Å line is

strongly contaminated at v > 0 km s−1 by O vi 1032 at z = 0.3036. While fitting, the

contaminated pixels were deweighted by artifically enhacing the noise associated with

those pixels. A three component model similar to H i is also obtained from

independently fitting the C iii and Si iii lines. In contrast, the O vi 1031, 1037 are

simultaneously fitted with a single component. The kinematic profile of O vi is distinct

from H i or the intermediate and low ionization lines of other elements. The higher

order Lyman lines, C iii and Si iii at v ∼ −10 km s−1 are significantly saturated. The

fit results are given in Table 5.1.

sures and applying a polynomial fit to their wavelength dependent offset variations.

The fit was used to determine the necessary offset to each exposure and bring the
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different exposures to mutual alignment. The separate exposures thus aligned

were coadded. The correct wavelength scale is finally determined by matching the

ISM lines with the velocity of Galactic 21-cm H i emission. The full details of

this apporach is described in Wakker et al. 2015. The COS spectra obtained from

the pipeline is oversampled with 6 pixels across one resolution element. For our

analysis, we rebinned the coadded spectra to the optimal sampling of 2 pixels per

resolution element, thereby increasing the S/N. The spectrum was normalized to

the level of the continuum determined by fitting lower-order polynomials.

5.3 The Multiphase Absorbers

5.3.1 The z = 0.41614 Absorber

The absorber is detected at > 3σ significance in a number of hydrogen Lyman

series lines, O vi, C iii, N iii, Si iii, and C ii. The continuum normalized line

profiles are shown in Figure 5.1. The COS spectra also covers Si ii, N ii, S ii,

N v, and S vi which are non-detections. The z = 0.41614 redshift is the op-

tical depth weighted center of the O vi 1032 Å line. For H i, O vi, C iii,

and Si iii we have obtained line parameters by Voigt profile modeling using the

Fitzpatrick and Spitzer (1997) routine. For decomposing the line profiles, the

models were convolved with the empirically determined line-spread functions of

Kriss (2011) at the redshifted wavelength of each line. The fit results are shown

in Figure 5.2 and Table 5.1.

The H i clearly shows absorption at its core from three kinematically distinct

components at v ∼ −122 km s−1, v ∼ −61 km s−1, and v ∼ −10 km s−1. The

H i column densities for these components were obtained by simultaneously fitting

the Lyman series lines H i 1216 − 926 Å. The unsaturated higher order Lyman

lines provide a unique solution to the H i absorption profile. The total H i column

density of ∼ 1016.5 cm−2 obtained from profile fitting indicates that the absorber is

only partially optically thick at the Lyman limit. The derived value is comparable

within its errors with the H i column density of ∼ 1016.3 cm−2 estimated from the

optical-depth at the partial Lyman-limit of τLL ∼ 0.3. An accurate measurement
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Table 5.2: Voigt Profile Measurements

zabs Transition v (km s−1) log [N (cm−2)] b(km s−1)

0.41614 H i 1216− 926 −122 ± 4 15.82 ± 0.05 25 ± 3

−61 ± 6 15.87 ± 0.31 21 ± 8

−10 ± 4 16.30 ± 0.37 30 ± 5

−3 14.02 ± 0.23 115 ± 7

O vi 1032, 1038 −3 ± 4 14.54 ± 0.04 48 ± 4

C iii 977 −120 ± 4 14.45 ± 0.13 16 ± 5

−67 15.14 ± 0.58 10 ± 7

−8 16.63 ± 0.63 20 ± 6

Si iii 1207 −123 ± 3 13.49 ± 0.18 13 ± 5

−67 ± 5 13.60 ± 0.25 9 ± 6

−8 ± 5 15.17 ± 0.47 14 ± 8

0.41950 H i 1216− 926 −3 ± 3 14.57 ± 0.06 30 ± 4

−72 ± 5 13.48 ± 0.42 58 ± 6

O vi 1032, 1038 0 ± 2 14.15 ± 0.06 14 ± 3

Table 5.2 Comments: In the z = 0.41614 absorber, the multi-component structure is

clearly discernible for Si iii and H i. The C iii line is saturated and hence we obtain

the N and b values by fixing the centroid of two of its components to match Si iii. We

found that for the v = −8 km s−1 component, changing the b-parameter by a small

amount alters the estimated column density significantly indicating that the line is in

the flat part of the curve of growth. We adopt a value of logN(C iii) = 16.63+0.63
−1.10

accounting for the uncertainty in column density from the range of b-values possible for

this component. Moreover, this component is possibly a blend of narrower components

unresolved by COS. Similarly, for Si iii, we adopt a column density measurement of

logN(Si iii) = 15.17+0.47
−1.43. Compared to the v ∼ −8 km s−1, the v ∼ −67 km s−1 and

v ∼ −123 km s−1 components are not severly saturated. The fit parameters for the

broad component in H i were obtained by fixing its velocity to that of O vi. The error

in the BLA’s b-parameter is the stastical error given by the fitting routine. The true

error in b will be larger than this estimation as we discuss in Sec 5.3.1. The Voigt profiles

of the separate components in H i are displayed in Figure 5.3. The z = 0.41950 absorber

is detected only in H i and O vi.
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Table 5.3: AOD Measurements for the z = 0.41614 Absorber

Line Wr(m) log [N (cm−2)] [-v, +v] (km s−1)

C ii 1036 < 60 < 13.8 [-180, -100]

38 ± 7 13.57 ± 0.09 [-100, -55]

107 ± 9 14.06 ± 0.07 [-55, 50]

C iii 977 208 ± 11 13.85 ± 0.06 [-200, -85]

> 456 > 14.3 [-85, 100]

N iii 990 43 ± 9 13.67 ± 0.11 [-180, -100]

42 ± 8 13.70 ± 0.10 [-100, -55]

106 ± 11 14.10 ± 0.31 [-55, 40]

O vi 1032 256 ± 12 14.49 ± 0.06 [-100, 100]

O vi 1038 150 ± 13 14.48 ± 0.05 [-100, 100]

Si ii 1260 < 195 < 13.3 [-180, 50]

Si ii 1193 < 93 < 13.2 [-180, 50]

Si ii 1190 < 90 < 13.4 [-180, 50]

Si iii 1207 157 ± 14 13.13 ± 0.06 [-180, -100]

142 ± 11 13.12 ± 0.07 [-100, -55]

> 272 > 13.4 [-55, 50]

N ii 1084 < 57 < 13.7 [-180, 50]

N v 1239 < 105 < 13.7 [-180, 50]

S vi 933 < 55 < 13.3 [-180, 50]

Table 5.3 Comments - C ii 904a (λ = 903.9616 Å) & C ii 904b (λ = 903.6235 Å) are

separated by only ∼ 0.5 Å in the observed frame. The C ii 904b at v > 50 km s−1

has significant overlap with C ii 904a. We therefore adopt the measurements done on

C ii 1036. The blue end of C ii 1036 is contaminated because there is no corresponding

absorption seen in C ii 904b which is expected to be 20% stronger than C ii 1036. The

C ii and N iii lines do not show a distinct component structure that can be modeled

using Voigt profiles. Hence we have integrated the apparent column density along the

velocity interval over which absorption from each component is likely to dominate the

contribution from the others. For the lines which are not detected at ≥ 3σ, an upper

limit is obtained by integrating over the full velocity range where we expect to find the

absorption.
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Table 5.4: AOD Measurements for the z = 0.41950 Absorber

Line Wr(m) log [N (cm−2)] [-v, +v] (km s−1)

C ii 1036 < 31 < 13.5 [-50, +50]

C ii 904b < 51 < 13.4 [-50, +50]

C iii 977 < 33 < 12.8 [-50, +50]

N iii 990 < 36 < 13.6 [-50, +50]

O vi 1032 88 ± 9 13.97 ± 0.05 [-50, +50]

O vi 1038 39 ± 10 13.88 ± 0.11 [-50, +50]

Si ii 1193 < 60 < 12.9 [-50, +50]

Si iii 1207 < 57 < 12.5 [-50, +50]

N ii 1084 < 39 < 13.6 [-50, +50]

N v 1239 < 69 < 13.6 [-50, +50]

S vi 933 < 33 < 13.0 [-50, +50]

Table 5.4 Comments - All metal lines except O vi are non-detections at the > 3σ

significance level.
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of τLL requires modeling the full QSO continuum including the higher order Lyman

series lines. Here we have attempted a crude estimation of τLL by defining a flat

continnum around the partial Lyman-limit at λ ∼ 1292 Å. In addition to the

strong absorption in the core, the Lyα line shows a broad and shallow absorption

in its red wing over the velocity range [−v,+v] = [70, 200] km s−1. This shallow

absorption is not recovered by the three component fit. The significance of this

red wing is discussed in Sec 5.3.1.

The Si iii 1207 Å line shows a three component profile coinciding in velocity

with the H i. However, we note that the component at ∼ −10 km s−1 can have

sub structure to it, which is ambigious at the limited resolution of COS. In the

case of C iii, the absorption over the −90 < v < 100 km s−1 interval is saturated.

We therefore adopt the velocities of the two central components of Si iii to fit the

corresponding C iii feature.

In contrast, the O vi absorption does not show the kinematic complexity seen

in H i, C iii, Si iii and N iii. The absorption in either lines of the O vi doublet

is consistent with a single component. This kinematic difference is suggestive of

O vi having a different origin compared to other metal lines. The COS data

shows a difference of 7 km s−1 in the velocity centroid of O vi with the nearest

component seen in H i, C iii and Si iii. However, this offset is within the 1σ

uncertainty of the velocity of the model profile, and the wavelength calibration

residuals expected for COS spectra. More consequential for the presence of multi-

phase is the difference in the kinematics of the absorption of O vi compared with

H i and the other metal lines.

The C ii 904a (λ = 903.9616 Å) is blended with absorption from C ii 904b

(λ = 903.6235 Å). The weaker C ii 1036 profile suggests evidence for multiple

components but at low contrast. We note that the feature at v < −70 km s−1 in

C ii 1036 is most likely a blend as the corresponding absorption in the stronger

C ii 904a is not seen. Our fitting routine is unable to converge on a three compo-

nent fit to the C ii data. We therefore resort to the apparent optical depth (AOD)

technique of Savage and Sembach (1991) to determine the integrated column den-

sities of C ii separately for the velocity intervals of the three components seen in

Si iii. The details of the apparent column density measurements and equivalent
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widths are given in Table 5.2. The N iii 990 line also has component structure

that cannot be uniquely identified from profile fitting. We use AOD method to

determine the apparent column density for N iii as well. There should be no con-

tamination from Si ii 990 line in the N iii 990 line, since the stronger Si ii 1260,

1193, and 1190 lines are non-detections.

Our profile fitting analysis shows that the central two components of C iii and

Si iii are saturated. A free-fit to the Si iii line gives a value of logN(Si iii) =

15.17± 0.47 and b(Si iii) = 14 ± 8 km s−1 for the strongest component. Assuming

a scenario of pure non-thermal line broadening, b(Si iii) ∼ b(H i) = 30 km s−1 for

the v ∼ −10 km s−1 component, we obtain a fit to the line profile with a column

density that is ∼ 1.4 dex smaller. The strong dependancy of column density on

b-parameter implies that the line is in the flat part of the curve of growth. Voigt

profile fitting does not yield a unique solution for such saturated lines. The errors

returned by the profile fitting routine also do not reflect this uncertainty in column

density due to saturation.

If the C iii and Si iii lines are predominantly non-thermally broadened, then

from the better constrained b(H i), we can estimate a lower limit on the column

density for C iii and Si iii that are 1.10 dex and 1.43 dex lower than the estimated

value. Alternatively, if the lines are fully thermally broadened, then b(C iii) ∼
7 km s−1 and b(Si iii) ∼ 5 km s−1 for the v ∼ −10 km s−1 component. For these

very narrow line widths, the Voigt profile models do not suitably fit the data. From

this exercise, we conclude that whereas either component of C iii and Si iii could

be as broad as the corresponding H i, they cannot be much narrower than what

is seen at the resolution of COS. We therefore adopt a logN(Si iii) = 15.17+0.43
−1.43

and logN(C iii) = 16.63+0.63
−1.10 for the v ∼ −10 km s−1 component.

The Broad Ly-α Absorption

The Lyα profile shows excess absorption in the velocity range [−v,+v] = [70, 200] km s−1

over the red wing of the core components. A three component fit to the H i se-

ries lines produces an acceptable fit to the strong narrow core components, but

does not explain the wing in Lyα. To fit this broad feature, we have to intro-

duce a shallow component to the absorption model. By fixing this component
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Figure 5.3: Broad Lyman Alpha Absorption for the absorber at z =

0.41614

Figure 5.3 Top and bottom panels are Voigt profile fits to Lyα and Lyβ. The core

absorption is simultaneously fitted with three narrow components at v ∼ −122 km s−1,

−61 km s−1, ∼ −10 km s−1 shown here as dashed blue curve, dotted green curve and

dash-dotted brown curve. The absorption in the red wing of the Lyα is fitted by a

shallow and broad component with b ∼ 115 km s−1. The presence of the BLA is

consistent with the Lyβ profile where it is not detected. The solid red curve is the

combined contribution of all the four components of H i.

at the same velocity as O vi, a simultaneous fit to the Lyα and Lyβ estimates

this fourth component of H i to be a BLA with log N(H i) = 14.02 ± 0.23 dex

and b(H i) = 115 ± 7 km s−1. The fit results are given in Table 5.1 and the

contributions from the four separate components are shown in Figure 5.3. Being

a shallow feature, the broad component is not discernible in Lyβ or any of the

higher order Lyman series lines. Therefore, including these higher order lines to

the simultaneous fit does not change the parameters we extract for the BLA.

The profile fitting routine underestimates the uncertainties in the fit parame-
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ters for the BLA. The 1σ uncertainty in column density of the core H i compo-

nents, the uncertainties in their b-parameters and their line centroids as well as

the uncertainty in the v of O vi will influence the fit values the BLA can have.

To account for these additional sources of uncertainty in the BLA fit results, we

fitted profiles to Lyα and Lyβ lines simultaneously with the 1σ uncertainty range

of values for v,N, and b of the core components.

Combining these deviations from the measured value in quadrature with the

statistical uncertainty, we estimate the breadth of the BLA component to be

b(H i) = 115+17
−19 km s−1. This is the measurement that we adopt for the BLA

for the rest of the analysis. In the case of column density, the statstical error

from Voigt profile fit of 0.23 dex dominates the uncertainty. The placement of

the continuum could also influence the line measurement. But we find that the

continuum is well defined within Δv ∼ 4000 km s−1 of the Lyα. The large b-value

implies a temperature of log T (K) = 5.91+0.12
−0.16, if the broadening is purely thermal.

The BLA reveals the presence of a considerably warm temperature phase to the

absorber.

5.3.2 The z = 0.41950 absorber

The second O vi absorber is offset from the previous system by Δv = +710 km s−1.

This is a kinematically simple system compared to the z = 0.41614 absorber. Only

H i and O vi are detected at this redshift with > 3σ confidence. Figure 5.4 shows

the profile fit on these lines and Table 5.1 lists the column density measurements

from profile fitting. The upper limits on column densities for the other metal ions

are given in Table 5.3. The Lyα shows H i absorption in two components. A Voigt

profile fit identifies the two components at v = −3 km s−1 and v = −72 km s−1

with the second component being broader having b(H i) = 58 km s−1 (BLA).

The O vi is kinematically coincident with the v = −3 km s−1 H i component, as

shown by a free fit to the O vi doublet lines. This indicates that the O vi resides

in the same gas phase the narrower H i component. The difference in b-parameter

between H i and O vi implies a kinetic temperature of T = 4.6+0.3
−0.2 × 104 K for

this gas phase.

The broader H i component (BLA) suggests the presence of gas at T =
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Figure 5.4: Voigt profile models for the z = 0.41950 absorber.

Figure 5.4 Voigt profile models are shown superimposed on the continuum normalized

data with 1σ error bars for the z = 0.41950 absorber. The location of the components

are indicated by the vertical tick marks. The separate components for H i are shown

by the blue dash-dot curve and the green dashed curve. At v = −72 km s−1 is a broad

component of H i with b ∼ 58 km s−1 (blue dash-dot line). The orange solid curve

superimposed on the Lyman series lines is the composite of the narrow and the broad

H i components. As is evident, the broad component’s non-detection in the higher

order Lyman lines is consistent with its shallow profile seen in Lyα. The O vi

coincides in velocity with the narrow strong component of H i. The fit results are given

in Table 5.1.

2.1 × 105 K, if the temperature is purely thermal. At the velocity of this BLA,

no metal line absorption is detected. The BLA feature is not detected in the

higher order Lyman lines which is consistent with its shallow profile in Lyα. The

possibility that this feature is a contamination from IGM absorption occuring at
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Figure 5.5: KS15 UV background radiation at z = 0.4
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Figure 5.5 The specific intensity of the extragalactic ionizing background radiation for

z = 0.4. The red dotted curve is the conventional HM12 ultraviolet background. The

other curves are the KS15 modeling of the ionizing background which incorporates the

more recent measurements on the quasar luminosity function and estimates on escape

fraction of Lyman continuum photons from young star forming galaxies. The different

curves are for different escape fractions. The trend seen around the He ii ionizing edge

(54.4 eV), where increasing the escape fraction of photons decreases the intensity of

He ii ionizing UVB is explained in Khaire and Srianand (2013). Throughout our

photoionization modeling, we use the background with fesc = 4%, which will produce

the H i photoionization rate required by Kollmeier et al. (2014) to solve the apparent

photon underproduction crisis.

another redshift cannot be ruled out, although we have searched and elimited the

possibility of absorption associated with the quasar at zQSO = 0.7475 occuring at

this wavelength.
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5.4 Ionization & Abundances in the z = 0.41614

Absorber

5.4.1 Photoionized Gas Phase

With the intermediate ions like Si iii and C iii showing evidence for saturation,

there are not enough constraints to develop complete ionization models. We

draw only general conclusions about the physical state of the absorber from the

photoionization models. The photoionized gas in this absorber is modeled using

Cloudy (Ferland et al., 2013b, v13.03). The elemental abundances used are the

most recent solar abundances from Grevesse et al. (2010). We model the ioniza-

tion in the v ∼ −122,−61,−10 km s−1 components of the absorber separately.

It has been pointed out that HM12 ultraviolet background’s estimate of the hy-

drogen ionizing rate at low-z is lower by a factor of ∼ 2−5 (Kollmeier et al., 2014;

Shull et al., 2015; Wakker et al., 2015). KS15 show that this discrepancy is re-

solved by incorporating in the synthesis of the background spectra, the recent mea-

surements of quasar luminosity function (Croom et al., 2009; Palanque-Delabrouille et al.,

2013) and star formation rate densities (Khaire and Srianand, 2015b). Figure 5.5

compares the specific intensity of the HM12 background at z = 0.4 with the KS15

model for different escape fractions of Lyman continuum photons. The equilib-

rium fractions of high ionization species like O vi will be primarily affected by the

factor of two increase in the QSO emissivity, whereas the low and intermediate

ions will be affected by the enhacement in both galaxy and QSO emissivities. In

our photoionization calculations, we use the KS15 ultraviolet background with

4% escape fraction of hydrogen ionizing photons to be consistent with the H i

photoionization rate estimates of Kollmeier et al. (2014).

The photoionization model predictions for the v ∼ −122 km s−1 component

are shown in Figure 5.6 (left panel). This feature appears adequately resolved

and has, among the three components, well determined H i, C iii and Si iii

column densities least affected by saturation. For the observed column den-

sity of log N(H i) = 15.82, the photoionization curves of Figure 5.6 show the

column density predictions for the different ions at various gas densities. The
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Figure 5.6: PIE column density prediction of z = 0.41614 absorber

Figure 5.6 Ionic column density predictions from photoionization equilibrium models

for the v = −122 km s−1 (left top and bottom panels), −10 km s−1 (right panels)

components of the z = 0.41614 absorber. For clarity, ionic column density predictions

are split into top and bottom panels for each of the three components. The Cloudy

models for each component were generated for the respective H i column densities

obtained from profile fitting the Lyman series lines. The bottom axis is hydrogen

number density, the top axis is the ionization parameter defined as

logU = log nγ − log nH, where nγ is the photon number density at energies greater

than 1 Ryd. The ionization is from the extragalactic UV background modeled by

KS15. In the models, we assume the solar relative elemental abundances given by

Grevesse et al. (2010) as an initial guess and finetuned the abundance to illustrate a

most likelier single-phase solution of the absorber.The thick portion of the curves, for

each ion, mark the 1σ boundary for the observed column density. For C iii and Si iii,

the uncertainties in column density are comparitively larger due to significant line

saturation. The O vi is plotted here for reference. The difference in the velocity

sub-structure of O vi from the rest of the ions suggest a different origin for O vi,

which is discussed in Sec 5.4.2

Si abundance in this component is constrained to [Si/H] & −0.2, below which

Si iii will be underproduced for all densities. For this lower limit on abundance,
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the observed Si iii and the non-detection of Si ii are explained by the models

for nH = (0.4 − 1.3) × 10−3 cm−3. A single phase model that is consistent

with the observed C iii, N iii and the upper limits on C ii, N ii is possibe at

nH ∼ 0.8× 10−3 cm−3 for [C/H] = −0.3 and [N/H] = −0.6. The statistical errors

in the measured column densities of the metal lines and H i result in a ± 0.2 dex

error to the estimated abundances. For this moderately ionized gas phase, the

model predicts a total hydrogen column density of logN(H) = 18.5, a line of sight

thickness of L = 1.3 kpc, and T = 1.1× 104 K.

The photoionziation curves for the v ∼ −67 km s−1 is shown in Figure 5.6

(middle panel). The observed Si iii for this component is valid for [Si/H] & −0.2,

and nH = (0.4 − 1.6) × 10−3 cm−3. The unsaturated C ii provides an estimate

for the carbon abundance in this component. For [C/H] . −0.2, C ii becomes a

non-detection. Thus [C/H] & −0.2 for nH ≥ 0.4× 10−3 cm−3, densities at which

the C ii ionization fraction has a maximum. The predicted column densities

for the various low and intermediate ions are within the permissible range for

nH ∼ 0.8 × 10−3 cm−3 as shown in Figure 5.6 (middle panel). This model also

predicts a logN(H) = 18.6, L = 1.6 kpc, and T = 1.1× 104 K, similar to what we

obtain for the v ∼ −122 km s−1 component. The uncertainties in the measured

column densities contirbute a 0.6 dex, 0.4 dex and 0.3 dex uncertainty to the

derived abundances of C, N and Si respectively.

For the component at v ∼ −10 km s−1, the abundances for C and Si can

be arrived using C ii and Si iii, but with significant uncertainities of ∼ 0.5 dex

coming from the statsitical uncertainty in the corresponding H i column density.

At [Si/H] = −0.2, Si iii is explained for nH = (0.3− 2)× 10−3 cm−3 and N iii for

[N/H] = −0.7 with nearly the same density range. The model predicted C ii is

consistent with the observed value for [C/H] = −0.3 and nH ≥ 0.3 × 10−3 cm−3.

Based on these abundance constrains, a single phase solution for the low and

intermediate ions is one where nH = 0.4×10−3 cm−3, corresponding to logN(H) =

19.4, L = 18.9 kpc, and T = 1.2 × 104 K (see Figure 5.6, right top and bottom

panels).

The difference in velocity sub-structure of O vi with what is seen for C iii,

Si iii and H i clearly precludes the possibility that the O vi ion is tracing this
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photoionized gas. The O vi prediction for nH ∼ 0.4× 10−3 cm−3 of the photoion-

ized gas phase is ∼ 0.8 dex lower than the observed value even for solar [O/H].

Furthermore, the O vi from photoionization has a steeply declining dependency

with log nH (e.g., see Figure 5.6). This means that for sub-solar oxygen relative

abundances, the O vi contribution from this photoionized phase will also come

down significantly. The O vi clearly favors an origin in a separate gas phase,

which we discuss next.

5.4.2 The Origin of O vi Absorption

The differences in the component structure of O vi from the low, intermediate

metal species and the core H i absorption provide the strongest indication that

the O vi could be from a phase other than the T ∼ 104 K photoionized gas.

The O vi is consistent with having the same origin as the BLA discussed in

Sec 5.3.1. The temperature of this gas phase follows from the large line width

of H i compared to O vi. The separate b-values of b(H i) = 115+17
−19 km s−1 and

b(O vi) = 48 ± 2 km s−1 imply a temperature of T = 7.1+2.7
−2.6 × 105 K, with

thermal broadening of bt(H i) ∼ 108 km s−1 and bt(O vi) ∼ 40 km s−1. Whereas

for the O vi, the thermal and non-thermal contributions to line broadening are

almost equal, for the BLA, 94% of the line broadening is due to the high temper-

ature of the gas. At these high temperatures, the ionization will be dominated by

collisions.

Figure 5.7 shows Gnat and Sternberg (2007) collisional ionization equilibrium

(CIE) model predictions for O vi at various kinetic temperatures. The column

density of H i in these models is the BLA column density of logN(H i) = 14.02.

For the CIE models to match the observed O vi at T = 7.1 × 105 K, the oxygen

abundance has to be [O/H] = −0.3 ± 0.2 dex. For higher metallicity, O vi

is overproduced for this equilibrium temperature, and for lower metallicity it is

underproduced. However, as we describe in the next paragraph, models that

simultaneously consider photoionization and collisional ionization scenarios favor

lower oxygen abundance considering realistic values for the size of the warm gas.

At T = 7.1 × 105 K, the CIE conditions predict a very low neutral hydrogen

ionization fraction of f(H i) = N(H i)/N(H) = 3.7 × 10−7. This suggests a total
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Figure 5.7: CIE model for the absorber z = 0.41614

Figure 5.7 Gnat and Sternberg (2007) CIE model for the H i column density measured for

the BLA in the z = 0.41614 absorber. The veritcal dash-dotted line is at T = 7.1× 105 K,

obtained from solving for the temperature using the b(H i) from the BLA and b(O vi). The

[O/H] = −0.3 dex is set by the need to recover the observed N(O vi) at the given temperature

of the gas. The Ne viii is shown just for comparision, as it is a frequently sought after tracer of

warm-hot gas. Both oxygen and neon are modeled for half solar abundance.

hydrogen column density of N(H) = 2.8 × 1020 cm−2, which is a factor of ∼ 10

more than the total hydrogen column density in the cooler photoionized gas. At

T > 3×105 K, the recombination and cooling rates are comparable, with no differ-

ences between the equilibrium and non-equilibrium collisional ionization fraction

predictions for metals (Sutherland and Dopita, 1993). The large baryon content

in the O vi gas phase, compared to the strongly absorbing neutral gas, supports

the view held by Fox et al. (2013); Lehner et al. (2013) that a proper accounting

of the warm O vi phase can double the contribution of such partial/Lyman limit

systems (log N(H i) ∼ 16.1− 16.7 dex) towards the cosmic baryon budget.

Even when the ionization in the gas is dominated by collisions, the presence of

extragalactic background photons cannot be overlooked. By including the UV ion-

izing background while keeping the temperature of the gas fixed to T = 7.1×105 K

in Cloudy, we generated hybrid models that simultaneously allow for collisional
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and photoionization reactions. The hybrid models show that for nH & 10−5 cm−3,

the ionization fractions of the various elements are predominantly controlled by

collisions. Above that limit, the O vi ionization fraction shows only a weak de-

pendancy on density. For densities below this limit, photoionization begins to

alter the ion fractions from the pure collisional predictions. At nH ∼ 10−5 cm−3,

the hybrid models require a thickness of ∼ 4 Mpc for the absorber, an exceed-

ingly large value which is difficult to reconcile with the kinematically simple, single

component absorption profile of O vi and the BLA. Thus, very low densities of

nH . 10−5 cm−3 for the BLA - O vi gas phase can be ruled out. The premise that

the absorbing cloud should have a realistic size serves as a constrain on the [O/H]

in the hybrid model. For [O/H] . −0.6 dex, the observed N(O vi) is produced for

nH ≥ 3× 10−4 cm−3 corresponding to N(H) ≤ 2.5× 1020 cm−2 and L ≤ 260 kpc.

The 1σ range for the temperature of this warm gas and the associated BLA H i

column density, result in an uncertainty in the oxygen abundance of ∼ 0.2 dex.

But the conclusion from CIE, that the BLA - O vi phase possesses a factor of ∼ 10

more baryons than the moderately ionized gas, is valid for the hybrid ionization

scenario as well.

We note that the Ne viii from the collisionally ionized warm gas will be

stronger than O vi at the predicted temperature of T = 7.1×105 K, for [Ne/H] ∼
[O/H]. The absorber could have been a candidate for Ne viii detection, but the

incidence of a Lyman limit absorber at z = 0.31 leaves little flux at λ < 1200 Å.

The properties of the warm gas, nevertheless, are consistent with the general

physical state of Ne viii absorbers given by both observations and simulations

(Tepper-García et al., 2013).

5.5 Ionization & Abundances in the z = 0.41950

Absorber

The kinetic temperature T = 4.6+0.3
−0.2 × 104 K, measured by the narrow H i and

O vi line widths is consistent with temperature of the gas being driven by pho-

toionization. At these temperatures, electron impacts will not contribute signif-

icantly to the ionization of H i or metals and hence collisional ionization can be

119



Figure 5.8: PIE model for v = −3 km s−1 component in z = 0.41950

absorber

Figure 5.8 Column density predictions from photoionization equilibrium models for

the v = −3 km s−1 H i - O vi absorber at z = 0.41950. For clarity, the model

predictions for the different ions are split into top and bottom panels. The thick

portion of the curves mark the 1σ boundary for the observed column density. Except

O vi, all other metal lines are non-detections. The dash-dot line indicates the

ionization parameter at which O vi is reproduced by the models simultaneously being

consistent with the upper limits for the rest of metal ions.
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neglected. Figure 5.8 shows the photoionization models for the narrow H i - O vi

cloud when irradiated by the KS15 ionizing spectrum. The observed N(O vi) al-

lows us to impose a lower limit on the oxygen abundance. For [O/H] ≤ −1.3 dex,

O vi is underproduced for all densities. The photoionziation models of Figure 5.8

are for this metallicity lower limit for oxygen. At that limiting abundance, the

required O vi is produced for nH = 7.9 × 10−6 cm−3. Such low densities would

result in large path lengths of L = 2.5 Mpc. Over a megaparsec scale it is com-

mon to expect discrete velocity and ionization substructures in the absorbing

cloud. Given the simple Gaussian like optical depth profile of O vi and the nar-

row H i, it is unlikely that the absorption is happening across such vast length

scales. The O vi can come from clouds of smaller size, provided the densities

are higher. As the photoionization curves show, O vi has a steep dependency

on density. Hence higher density photoionziation solutions would also require

higher oxygen abundances. For example, at [O/H] ∼ −1.0 dex, the observed

N(O vi) is recovered from nH = 2.5 × 10−5 cm−3, tracing a total baryonic col-

umn of N(H) = 1.3 × 1019 cm−2 over a significantly smaller cloud thickness of

L = 129 kpc. The above gas phase is consistent with the upper limits from the

non-detection of N ii, N iii, N v, Si ii, Si iii and S vi for the 1/10th solar metal-

licity. The photoionization predicted temperature of T = 4.1× 104 K also agrees

with the line widths of H i and O vi. Such higher density solutions require de-

partures from solar [C/O] if the models are to be consistent with the absence of

C iii from the same gas phase. For example at a metallicity of −0.5 dex, the

[C/O] ∼ −0.3 dex for the C iii to be a non-detection. Significant variation in

[C/O] abundance would require a different nucleosynthesis enrichment history, as

both C and O are primary elements synthesized by massive stars. Such lower

abundances of C to O are seen for higher column density H i systems like DLAs

and LLSs (Lehner et al., 2013; Dutta et al., 2014). Assuming [C/O] of solar, the

constraint on oxygen abundance will be −0.7 . [O/H] . −1.3 dex.

The ionization and physical conditions in the v ∼ −72 km s−1 cloud is less

precisely determined given the absence of any metal lines to go with the broad H i.

Photoionization models for the estimated column density of log[N(H i)] = 13.48

show that abundances [X/H] ≤ 0 and densities of nH < 5 × 10−5 cm−3 satisfy

the upper limits on the metal ion column densities. The model predicted gas
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temperature of T = 2 × 104 K would imply that ∼ 70% of the H i line width is

due to non-thermal broadening.

Alternatively, if b(H i) = 58 ± 6 km s−1 is pure thermal broadening, the corre-

sponding temperature will be in the range T = (1.7−2.5) × 105 K. Contributions

from turbulence in the gas, along with Hubble broadening (bHubble < 30 km s−1

typically for ∼ kpc structures, Valageas, Schaeffer, & Silk 2002) would result in

lower temperatures. Given the lack of information to resolve the mechanisms con-

tributing towards line broadening, the temperature estimated can be considered

as an upper limit. At T = 2 × 105 K, if collisional processes are dominating the

ionization in the gas, then the total baryon column density in the broad compo-

nent will be N(H) = 3×1019 cm−2, assuming CIE fractions (Gnat and Sternberg,

2007). The total gas content in this shallow and broad H i component thus comes

out as an order of magnitude more than the amount of baryons present in the kine-

matically adjacent photoionized gas phase of the absorber. AT T = 2 × 105 K,

the column density limit from non-detection of log N(O vi) < 13.3 dex, places

an upper limit of [O/H] < −0.8 dex in the collisionally ionized gas.

Hybrid models suggest that for O vi to be a non-detection at T = 2× 105 K,

the oxygen abundance in the BLA gas phase has to be [O/H] < −0.7, which is

consistent with the corresponding upper limit in the kinematically adjacent H i -

O vi cloud. For [O/H] < −0.7, density is nH . 3×10−3 cm−3, N(H) > 1019 cm−2

and L > 1 kpc.
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Table 5.5: Galaxies in the vicinity of the absorbers

R.A. Dec. zgal Δv (km s−1) η (arcmin) ρ (Mpc) g (mag) Mg (L/L∗)g

zabs = 0.41614 (v = 0 km s−1) Absorber

150.14156 59.72934 0.41437 −376 ± 21 3.6 1.2 20.97 ± 0.09 -20.08 0.91

150.42517 59.73372 0.41303 −659 ± 16 5.0 1.7 20.49 ± 0.06 -20.56 1.42

150.43219 59.81284 0.42062 +947 ± 15 6.9 2.3 21.04 ± 0.07 -20.02 0.87

150.15218 59.61503 0.41422 −406 ± 17 8.0 2.7 20.76 ± 0.10 -20.29 1.11

150.20506 59.43657 0.41189 −901 ± 18 18.1 6.0 20.85 ± 0.09 -20.20 1.02

150.88540 60.04693 0.41456 −334 ± 21 26.4 8.8 20.77 ± 0.06 -20.28 1.10

149.66518 60.11736 0.41496 −249 ± 17 28.9 9.6 20.97 ± 0.05 -20.08 0.91

zabs = 0.41950 (v = +710 km s−1) Absorber

150.43219 59.81285 0.42062 +236 ± 14 6.9 2.3 21.04 ± 0.07 -20.08 0.91

149.66516 60.11746 0.41497 −959 ± 16 29.0 9.7 20.97 ± 0.06 -20.08 0.91

Table 5.5 Comments. - Galaxies within 30 arcminute of projected separation and within |Δv| = 1000 km s−1 of the absorbers. The z values are SDSS

spectroscopic redshifts. Δv correspond to the systemic velocities of the galaxies with respect to the absorber. The error in velocity separation comes

from the uncertainty in the spectroscopic redshift. The projected separation ρ was calculated from the angular separation assuming a ΛCDM universe

with parameters of H0 = 69.6 km s−1 Mpc−1, Ωm = 0.286, ΩΛ = 0.714 (Bennett et al., 2014). The absolute magnitude was calculated using the distance

modulus expression M −m = −41.05 using a luminosity distance of d = 1623.2 Mpc for z = 0.42 (Wright, 2006). The Schechter absolute magnitude

M∗
g = −20.177 for z = 0.4 was taken from Ilbert et al. (2005). The distribution of galaxies near the z = 0.41614 absorber is shown in Figure 5.9.
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5.6 Galaxies Near the Absorber

The SBS0957+599 sightline is along the SDSS footprint. We searched the DR12

SDSS database for galaxies proximate to the absorbers. Within |Δv| = 500 km s−1

velocity separation and 30′ × 30′ (∼ 10 Mpc) projected separation of the z =

0.41614 absorber are four galaxies with SDSS spectroscopically determined red-

shifts. The galaxy distribution at the location of the absorber is shown in Fig-

ure 5.9 and their information summarized in Table 5.4. The nearest galaxy with

a spectroscopic redshift is at a projected separation of 1.2 Mpc from the ab-

sorber. This 0.91 L∗ galaxy has an extended morphology and an emission line

spectrum. The flux at Hα is fHα
= 14.3 × 10−17 erg cm−2 s−1. Using the con-

version factor given by Kennicutt et al. (1994), we estimate a star formation rate

of SFR(Hα) = 0.7 M⊙ yr−1, typical of normal galaxies. The scaling relation

Rvir = 250 (L/L∗)0.2 kpc given by Prochaska et al. (2011) yields a virial radius of

Rvir ∼ 245 kpc for this galaxy. The separation of the galaxy from the line of sight

is a factor of ∼ 5 larger than this. Given this wide separation and the low SFR,

it is unlikely that the absorber has an origin in gas bound to the galaxy. The im-

pact parameters of the other three galaxies range from ∼ 3− 10 Mpc. These four

galaxies have a narrow velocity dispersion of ∼ 59 km s−1 and an average velocity

of ∼ −342 km s−1 with reference to the absorber. Three more galaxies are seen by

SDSS with their spectroscopic redshifts within 1000 km s−1 and 10 Mpc projected

separation. The SDSS database show four additional galaxies with photometrically

confirmed redshifts that place them within |Δv| = 500 km s−1 and ρ = 5 Mpc dis-

tance of the absorber. The projected distance to the nearest galaxy is ∼ 1.9 Mpc.

The errors associated with the photometric redshifts are δz/z ∼ 0.03− 0.3, which

allow for uncertainties of ∼ 103 − 104 km s−1 in the systemic velocities of these

galaxies. In any case, the preponderance of galaxies suggests that the environ-

ment is one of galaxy groups, with the absorption tracing gas near to 1 Mpc of

this group.

There is only one galaxy with spectroscopic redshift within Δv = 500 km s−1

of the z = 0.41950 absorber, but at a large impact parameter of 2.3 Mpc (see

Table 5.4). The galaxy shows an emission line dominated spectrum with fHα
=

131.1 × 10−17 erg cm−2 s−1. The corresponding SFR(Hα) = 6.7 M⊙ yr−1 (Ken-
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Figure 5.9: Galaxies Near the Absorber z = 0.41614

Figure 5.9 The distribution of galaxies with spectroscopically confirmed redshifts that place

them within |Δv| = 1000 km s−1 and projected separation of ∼ 10 Mpc from the z = 0.41614

absorber. The "+" sign corresponds to the line of sight towards the background quasar.

Further information on these galaxies is given in Table 5.4. The multiphase absorber seems to

be residing in a galaxy group environment.

nicutt et al. 1994) indicates that the galaxy is moderately star-forming. One

additional galaxy with spectroscopic redshift is present at ρ = 9.7 Mpc and at

1000 km s−1 of the absorber. Given the velocity offsets between the absorber and

the galaxies and the large impact parameters, the likelihood of the line of sight

tracing the gaseous envelope of either galaxy is negligible. We note that there are

three more galaxies with photometric redshifts within 500 km s−1 and ρ < 5 Mpc

of the absorber. The nearest of these galaxies is at 2.2 Mpc impact parameter.

However, the photometric redshift errors signficiantly extend the uncertainty in

the velocity offset of these galaxies with the absorber.
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5.7 On The Origin of the Absorbers

Surveys that explore the association between galaxies and absorbers find a wide

spatial distribution for O vi around galaxies compared to low ionization metal

lines (Wakker and Savage, 2009; Prochaska et al., 2011; Tumlinson et al., 2011b;

Stocke et al., 2014). In regions where multiple galaxies co-habit, there is an

ehnancement in the covering fraction of O vi, with detections extending out to

impact parameters which are as much as ∼ 3 times the halo virial radii of the near-

est galaxies (Johnson et al., 2015; Mathes et al., 2014). Such an enhancement is

not found for the cooler (T ∼ 104 K), dense (nH ∼ 10−3 cm−3) gas probed by

C ii, Si ii, Mg ii and similar low ionization lines. This environmental dependence

is reflected in the absorbers discussed here. In the z = 0.41950 absorber, we find

evidence only for high ionization gas, which is consistent with the relatively sparse

density of ∼ L∗ galaxies close to the line of sight. In comparison, the z = 0.41614

absorber, with its mix of low and high ionization gas, is residing within a few Mpc

of an overdense region of space. The trend is predictable, as galaxy interactions,

ram-pressure stripping and similar environmental effects are pathways by which

multiphase ISM can be dragged to large separations from galaxies.

The galaxies identified by SDSS are at ρ > 1 Mpc of either absorbers. Fur-

thermore, they are all luminous ∼ L∗ galaxies. As the z = 0.41614 absorber is a

partial Lyman limit system with log N(H i) ∼ 16.6 dex, one may wonder whether

the magnitude limited observations of SDSS has missed fainter galaxies closer to

this absorber, but below the survey’s completeness limit (95% completeness for

g < 22.2, corresponding to L > 0.3 L∗). This remains a possibility, although

uncertain in the light of some recent results. From studying a sample of 14 galax-

ies that lie within ρ ∼ 3 Rvir of background quasars, Mathes et al. (2014) find a

significantly lower incidence of O vi around low mass halos (∼ 1011.5 M⊙). The

frequency of O vi detections near low mass galaxies suggest a fairly large escape

fraction of ∼ 65% for halo gas, compared to a modest ∼ 5% from high mass halos

(Mathes et al., 2014). Thus, low mass galaxies may not retain much of O vi bear-

ing outflows. But the possibility still remains that the z = 0.41614 O vi - partial

Lyman limit absorber, though no longer dynamically linked to any galaxy, could

still be a result of the nearby IGM getting preferentially enriched with outflowing
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gas, or tidally stripped material from a closer-by fainter galaxy unidentified by

SDSS.

Based on models of structure formation, it has been hypothesized that galaxy

groups can have intragroup gas at T ∼ 105 − 106 K, temperatures too low to

discrimate their emission from the soft X-ray background (Mulchaey et al., 1996).

Presently, such a medium can be probed only through high ionization absorp-

tion lines such as O vi, Ne viii and thermally-broad Lyα against the light from

background QSOs. It is important to explore this gas reservoir, as it potentially

harbours as much as ∼ 4% of the total baryons in the low-z universe, on a par

with the fraction of baryons trapped inside galaxies (Savage et al., 2014). A recent

example is given by Stocke et al. (2014) where their sample of BLA - O vi warm

absorbers are likely to be from intragroup gas than individual galaxy halos. The

warm O vi is hypothesized to arise in conductive interface layers between cold

T . 3 × 104 K clouds and a hitherto undetected diffuse T ∼ 106.5 K intragroup

medium.

Hydrodynamic simulations also predict that a substantial fraction of baryons

are to be found along large scale filaments networking galaxy overdensity re-

gions. In Narayanan et al. (2011b), a BLA - O vi absorber is identified as tracing

T ∼ 1.4 × 105 K intergalactic gas along a nearby (vHELIO = 3081 km s−1) galaxy

filament, with several loose groups of galaxies beyond ρ ∼ 1.5 Mpc of projected

separation. More examples of baryonic reservoirs along galaxy filaments is given

by Wakker et al. (2015). About 85% of the Lyα systems from their sample of

15 absorbers, which includes BLAs and multi-component systems, appear to be

tracing intergalactic filament gas that are beyond 1.5 Mpc of the virial radii of the

nearest galaxies that trace the filament.

The absorbers studied here are also consistent with an intragroup origin or gas

associated with a much larger galaxy filament. The O vi and the associated BLA

in the z = 0.41614 system can be produced by collisional process at the interface

layers between the photoionized gas phase and a hot exterior medium. In the case

of the z = 0.41614 system, the photoionized gas could be recycled material from

earlier epochs of galaxy outflows or interactions within the group environment,

as proposed for metal rich ([X/H] & −0.3) Lyman limit systems (Lehner et al.,
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2013). A conductive interface model (Boehringer and Hartquist, 1987) would also

explain the kinematic differences between the profiles of O vi and low ions since

the two gas phases are not co-spatial (Sembach et al., 2003; Fox et al., 2004, 2005,

2013). The O vi in the z = 0.41950 system is likely produced in a low density

medium that is predominantly photoionized. However, even in this latter case,

the BLA could be transition temperature plasma, with metallicity so low to have

little O vi.

5.8 Summary

This chapter discuss the physical conditions in two intervening multiphase O vi

absorbers at z = 0.41614 and z = 0.41950, separated from each other by Δv =

710 km s−1. Both absorbers are detected in the COS spectrum of the background

quasar SBS 0957 + 599 and they show clear evidence for the presence of gas with

T ∼ 7× 105 K and T . 2× 105 K respectively. Our main conclusions are :

1. The z = 0.41614 absorber has C iii, Si iii and H i showing similar multi-

component absorption profiles. In comparison, O vi has a kinematically

simple component profile, indicating an origin distinct from the low and

intermediate ionization metal lines.

2. The C ii, C iii, Si ii, Si iii, N ii and N iii in the z = 0.41614 system are

consistent with cool photoionized clouds of T ∼ 4 × 104 K having densities

of nH ∼ 0.4 × 10−3 cm−3, total hydrogen column densities of N(H) ∼ 3 ×
1019 cm−2 with absorption happening over path lengths of . 20 kpc. This

gas phase has elemental abundances of [C/H] ∼ −0.3 dex, [Si/H] ∼ −0.2 dex,

[N/H] . −0.7 dex and [S/H] . −0.6 dex, with uncertainties of ± 0.4 dex.

3. There is a BLA component to the H i absorption with log N(H i) = 14.02± 0.23 dex

and b(H i) = 115+17
−19 km s−1, revealing the presence of a warm medium. The

BLA and O vi are consistent with origin from the same gas phase. The

widths of the H i and O vi lines solve for T = 7.1 × 105 K, a temperature

too hot for any of the low or intermediate ionization species to survive. Un-

der pure collisional ionization, this warm phase has [O/H] = −0.3 ± 0.2 dex
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and traces a substantial baryonic column of N(H) = 2.8 × 1020 cm−2. The

amount of baryons present in this warm medium is a factor of 10 higher

than the cooler photoionized gas where the H i column density is ∼ 2.5 dex

higher. Hybrid models that simultaneously allow for photoionzation and

collisional ionization favor a lower abundance of [O/H] . −0.6 dex set by

constraints on the size of the absorber.

4. The z = 0.41950 absorber is detected only in H i and O vi. The Lyα profile

shows the presence of a shallow, broad component and a stronger, narrow

component offset from each other by ∼ 70 km s−1. The O vi does not show

any evidence for sub-structure and is kinematically centered on the narrow

H i component. The b(H i) and b(O vi) indicates T = 4.6+0.3
−0.2×104 K where

collisional ionization is not important. The O vi permits photoionization at

low-densities of nH ∼ 10−5 cm−3, −0.7 . [O/H] . −1.3 dex, baryonic

column densities of N(H) ∼ 1019 cm−2 and line-of-sight thickness of L ∼
130 kpc.

5. The BLA in the z = 0.41950 absorber has a b(H i) = 58 ± 6 km s−1 sug-

gesting T = (1.7− 2.5)× 105 K for pure thermal broadening. The tempera-

ture supports collisonal ionization in gas with baryonic column densities of

N(H) . 3×1019 cm−2. The oxygen abundance in this warm gas phase is con-

strained (from the non-detection of coincident O vi) to [O/H] < −0.8 dex,

if collisions are dominating the ionization in this medium.

6. From the SDSS database of extended sources with a 95% completeness at

L > 0.3L∗, we find that there are four spectroscopically confirmed galaxies

within 30 arcminute and |Δv| = 500 km s−1 velocity of the z = 0.41614

absorber. The nearest galaxy is at a projected separation of 1.2 Mpc. The

narrow velocity dispersion of ∼ 59 km s−1 between the four galaxies indi-

cate that the absorber is tracing gas associated with a galaxy overdensity

environment. There are three additional spectroscopically confirmed galax-

ies within 1000 km s−1 of the absorber. The nearest luminous source to the

z = 0.41950 is a moderately star-forming disk galaxy whose systemic red-

shift places it at 235 km s−1 and 2.3 Mpc impact parameter. In either case,

the absorption appears to be tracing multi-phase intragroup gas rather than
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the virialized envelope of any galaxy.

7. Analysis of the two absorbers highlights the diverse ionization conditions

as well as the physical environment in which O vi absorption arises. The

metal species cannot be used as a blind tracer of T ∼ 105 − 107 K gas. In

multi-phase absorbers such as those presented here, the O vi data has to

be interpreted in the light of additional information from thermally broad

Lyα or more highly ionized species like Ne viii or Mg x to discriminate the

predominant ionization process.
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CHAPTER 6

Detection of Ne v Absorbers at High Redshift IGM

6.1 Introduction

The study of the physical conditions of gas in IGM were mostly based on the far

ultra-violet observations of C ii, Si ii, C iv, Si iv, O vi, Mg ii and Ne viii ions.

In this chapter, we will discuss the detection of a new species Ne v in absorption.

Neon is the most abundant metal in the universe after carbon, oxygen and

helium. Hence, the detection of their ions from different ionization states can give

valuable insights to determine the physical conditions of IGM. For example, the

highly ionized Ne viii detections in IGM is to date the most successful method in

finding warm hot baryons in the universe. Ne v is a moderate ion with moderate

ionization potential (97 eV) which can arise in a gas which is photoionized as well

as collisional ionized much like O vi ion.

The rest wavelength of Ne v is 357.67 Å and is not accessible at z < 1 for any

FUV observations. Ne v transitions can be detected from gas at z > 2.2 us-

ing FUV spectra obtained with COS ( Cosmic Origin Spectrograph ) spectrum.

The only Ne v absorption reported so far in IGM is at redshift z = 1.1912 to-

wards LBQS 1435−0134 where the absorber consists of highly ionized metal lines

such as O vi, Ne viii, Mg x along with Ne v, Ne vi transitions from a shock-

heated warm-hot gas (Qu and Bregman, 2016). This makes the detection of Ne v

an interesting case to study from a warm - hot baryonic perspective. In this

chapter, we will discuss the five Ne v absorbers at redshift z = 2.7356, 2.4382,

2.3475, 2.4887 and 2.6910 detected in COS spectrum towards the quasar sightline

HE 2347− 4342 (zem = 2.885). We measure column densities of different species

associated with these absorbers using high-resolution optical spectra obtained with

VLT/UVES, HST/COS and KECK/HIRES. Using different ionisation modelling,

we constrained the physical properties of each of these absorbers.



Table 6.1: Individual COS integrations for the quasar HE2347-4342

MAST ID DATE GRATING λc (Å) t (S)

LB6D02030 05 -11-2011 G130M 1291 8265

LB6D02040 05 -11-2011 G130M 1300 5962

LB6D03030 05 -11-2011 G130M 1291 8270

LB6D03040 05 -11-2011 G130M 1300 5962

LC8I01010 08 -07-2014 G130M 1222 14814

LC8I02010 28 -08-2014 G130M 1222 11767

LC8I03010 12 -07-2014 G130M 1222 14814

Table 6.1 Table show the details of individual exposures used to generate the final spectra.

The column from left to right corresponds to the name of the exposure in MAST database,

date of the observation, grating used for the observation, central wavelength of the grating and

the exposure time respectively.

6.2 Observations

6.2.1 VLT-UVES and KECK-HIRES

The optical spectra of HE 2347 − 4342 (zem = 2.885) from VLT UV Echelle

Spectrograph is the primary data used in this analysis. The data is obtained as

a part of the programme ’The Cosmic Evolution of the IGM’ (Bergeron et al.,

2004). The RAW data were reduced using UVES pipeline available as a dedicated

context of MIDAS data reduction software (Ballester et al., 2000). The pipeline

performs a precise inter-order background subtraction for science frame and master

flat fields, apply optimal extraction to retrieve the object signal, rejecting cosmic

ray impacts and performing sky subtraction at the same time. The correction in

wavelength is performed using the standard conversion equations (Edlen, 1966;

Stumpff, 1980). The observation used 2 × 2 binning mode yields a binned pixel

size of 2 - 2.4 km s−1. The spectra can achieve signal to noise of 30 -40 per pixel

at 3300 Å and 60 - 70 per pixel at 5500 Å respectively. A resolution of 45,000

corresponds to a full width at half maximum ( FWHM ) of 6.6 km s−1 is possible

in the entire wavelength range of the spectra. The final spectra cover a wavelength
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range of 3000− 10000 Å with occasional breaks. The break in the spectra within

the wavelength 5755− 5835 Å is covered with the spectra of the same source from

KECK/ HIRES observations.

The 10 m KECK telescope with high-resolution echelle spectrometer (HIRES)

has resolution R = 37, 000 while using a slit size of 1.14 × 7. The spectra of the

source with 6.67 hr observation (Songaila, 1998) given a total signal to noise of

130 is used to cover the spectral gap in UVES observation. The data reduction

techniques and extraction techniques are described in detail in Songaila 1998.

6.2.2 HST/COS

The HST/COS spectra of this source is obtained from the MAST public archive1.

The observations of this sight line have done two times using HST/COS G130M

grating to study He ii re-ionization in detail. The individual exposures of these ob-

servations are tabulated in Table 6.1. Data reduction is done with STScI CalCOS

(v3.0) pipeline. The exposures were coadded by using the routine developed by

Danforth et al. 2010. The combined spectra have a wavelength coverage between

1135− 1450 Å. The spectra were oversampled with 6 pixels across one resolution

element which we rebinned to an optimal level.

6.3 Detection of intervening Ne v absorbers

In a search of C iv and strong Lyα absorbers towards HE 2347 − 4342 (zem =

2.885) at redshift z > 2.2, we detected 11 intervening absorbers. Among these 11

absorbers, five of the systems show absorptions from Ne v 357 Å transition. No

other transition of Ne v covered in the observed spectra, and hence, the identifica-

tion of Ne v is only on the basis of the kinematic profile of their absorption. The

observed equivalent width and column density of Ne v transitions are tabulated

in Table 6.2.

1https://archive.stsci.edu/
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Table 6.2: Intervening Ne v absorbers

Absorber(z) Transition Wr (m Å) log N(Ne v) cm−2 [-v, +v] (km s−1) ΔV (km s−1) ρ (Mpc)

2.7356 Ne v 357 25± 5 14.35 ± 0.05 [−50, 100] 3680 8.1

2.4382 Ne v 357 18± 4 14.00 ± 0.1 [−30, 40] 10000 4.4

2.3475 Ne v 357 5± 2 13.57 ± 0.05 [−30, 40] - 4100 4.4

2.6910 Ne v 357 21± 3 14.15 ± 0.06 [−100, 0] 80 8.1

2.6910 Ne v 357 20± 4 14.13 ± 0.03 [0, 100] 80 8.1

2.4887 Ne v 357 11± 2 13.85 ± 0.05 [−20, 20] 12400 4.4

2.4824 Ne v 357 < 6 < [−20, 20] 11800 4.4

2.3318 Ne v 357 < 3 < 13.17 [−30, 30] 1400 4.4

2.5725 Ne v 357 < 3 < 13.17 [−30, 30] 9698 8.1

2.6345 Ne v 357 < 5 < 13.46 [−30, 30] 4540 8.1

Table 6.2 Comments. - For all the intervening Ne v detections, their equivalent width, column density and the velocity range are tabulated in third,

fourth and fifth columns. The separation of the absorber from the neighbouring quasars in the line of sight (velocity separation) and in sky (projected

separation) are shown in next two columns [ redshift of the foreground quasars are z = 2.28, z = 2.32 and 2.69 respectively ].
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In the following sections, we will discuss the line measurements and ioniza-

tion modelling of each of the Ne v absorbers. The absorber at z = 2.7356 is the

stronger one among all with several metal ions present. Hence, this system is

modelled in great details and discussed separately in the following sections. The

absorbers at z = 2.6910 and z = 2.4887 do not have enough constraints to develop

a complete ionization models. For these systems, we only compare their properties

with the conditions derived from other absorbers.

6.4 Line measurements of the absorbers

6.4.1 The absorber at z = 2.7356

The absorber is detected from the line transitions of Si iv, Si iii, C iii, C iv,

Ne v and also from the Lyman series lines with > 3σ significance. The region

of O vi doublet transitions is covered in UVES. However, the strong absorptions

from other redshifts prevent the possibility of their detection. Transitions of C iv

lines fell in the spectral gap of UVES spectrum at 5755− 5835 Å however covered

in the HIRES spectrum. We also find a tentative detection of Ne v 357 with

λrest = 357.95 in the COS spectrum of this absorber. A continuum normalised

spectrum of these lines is shown in Figure 6.1 in the absorber rest frame.

The line parameters were estimated using the VPFIT (ver 10.0)2 fitting soft-

ware. The absorption profile of all the lines shows the presence of multiple com-

ponents. The metal doublet transitions of C iv and Si iv are features with least

contamination clearly show five components in their absorber. The doublet lines

of C iv and Si iv fitted simultaneously with five components. Similarly, all the

neutral H i lines were fitted simultaneously.

The intermediate line of C iii has a profile similar to H i where some of the

components show saturation. These lines fitted independently from their kine-

matic evidence. The component at v = 65 km s−1 show least saturation which

is also observed in other metal lines. Si iii is another intermediate line in the

2http://www.ast.cam.ac.uk/∼rfc/vpfit.html
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Figure 6.1: Absorber at z = 2.7356

Figure 6.1 The z = 2.7356 absorber is shown in its rest-frame. The detected lines in

the absorber consists of Si iv, Si iii, C ii, C iii, C iv, Ne v. The profile fitting and

the line measurements are shown in Figures 6.2, 6.3 and Table 6.3 respectively.
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Figure 6.2: Profile fit of z = 2.7356

Figure 6.2 The Voigt profile fit results of the lines in the absorber at z = 2.7356 are

shown. The red thick lines show the model absorption profile which is super imposed

on the real spectra. The line measurements are tabulated in Table 6.3. The absorptions

of C iv, Si iv are clean features with least contamination. The C iii profile is similar

to H i profile where few components are saturated. The lines of Si iii and O vi lines

are mostly contaminated.
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Figure 6.3: Column density measurement for Ne v absorption

Figure 6.3 The normalised absorption profile of Ne v 357 is shown in the rest frame

velocity of the absorber at z = 2.7356. The profile is superimposed with a synthesised

model of Ne v for different column density ratio of C iv and Ne v. For log

N(Ne v)N(C iv) = −0.4, model fit the data with minimum χ2.

absorber which shows strong contamination from other absorbers. Profile fit mea-

surements of these lines are tabulated in Table 6.3.

For fitting Ne v, the model profile is convolved with the empirically determined

line-spread functions of Kriss et al. (2011) which will account for the wavelength

dependent line spread observed in COS spectrum. The profile of Ne v does not

show any evidence for multiple components within the S/N of the spectra. Hence,

Extracting the information from individual components using profile fitting rou-

tine does not provide a satisfactory result. For extracting the column density of

individual components, we synthesized the profile of Ne v from C iv by scaling

N(Ne v)/ N(C iv) ratio. The profile with least χ2 is taken as the best fit profile

for Ne v. For [ N(Ne v)/ N(C iv)] = −0.4 dex, we produced the best fit model

for Ne v line ( See Figure 6.3). A single component fit result for this line is also

shown in Table 6.3.
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Table 6.3: Voigt Profile Measurements of z = 2.7356 absorber

Transition v (km s−1) b(km s−1) log [N (cm−2)]

Si iv 1394 −15± 2 9 ± 1 12.34 ± 0.07

−1± 1 6 ± 1 12.53 ± 0.10

14± 1 15 ± 2 13.06 ± 0.03

62± 1 10 ± 1 12.36 ± 0.02

C iv 1548 − 1551 −52 ± 4 12 ± 5 12.20 ± 0.14

−15 15 ± 1 13.53 ± 0.02

−1 11 ± 2 13.29 ± 0.06

14 18 ± 1 13.75 ± 0.02

62 20 ± 2 13.20 ± 0.03

Si iii −15 23 ± 5 12.19 ± 0.07

1 15 ± 2 12.82 ± 0.04

17 16 ± 1 13.20 ± 0.02

44 3 ± 2 11.69 ± 0.15

64 20 ± 2 12.80 ± 0.03

C iii −196 ± 1 11 ± 2 12.55 ± 0.04

−150 ± 2 17 ± 2 12.70 ± 0.04

−114 ± 3 12 ± 8 12.13 ± 0.47

−67 ± 2 20 ± 4 13.31 ± 0.19

−15 53 ± 27 13.56 ± 0.28

1 20 ± 3 14.23 ± 0.15

28 ± 3 21 ± 4 13.61 ± 0.08

62 ± 6 14 ± 1 13.52 ± 0.05

97 ± 4 18 ± 5 12.33 ± 0.15

O vi 1032 − 1038 −15 16 ± 2 < 14.18

1 16 ± 2 < 14.25

Ne v 357 15 ± 3 53 ± 4 14.35 ± 0.03

H i 1216 − 931 −140 25 ± 2 14.29 ± 0.02

−67 29 ± 1 15.58 ± 0.02

−15 16 ± 1 15.71 ± 0.03

28 26 ± 3 16.31 ± 0.06

63 25 ± 1 15.64 ± 0.04

139



6.4.2 Other Ne v absorbers

Apart from z = 2.7356 absorber, there are four other instances of Ne v detection

in the intervening absorbers. The profile fit results of these absorbers are tabulated

in Table 6.4.

The absorber at z = 2.4382 detected from C iv, H i, O vi and Ne v tran-

sitions. The kinematic profile of C iv and O vi lines clearly shows the evidence

for four distinct components in the absorber. The line parameters are estimated

using VPFIT profile fitting routine. One of the transition of O vi in the absorber

with rest wavelength λ ∼ 1032 Å is contaminated. This line is modelled from the

measurement of O vi 1038 is shown in Figure 6.4. It is difficult to extract the line

parameters of individual components from the week Ne v detection. Thus, this

line is fitted only with 2 components. The profile fits of the absorber is shown in

Figure 6.4.

Similarly, the absorber at z = 2.3475 is detected from the transitions of C iv,

O vi, Ne v and the Lyman series lines. The absorber has a simple profile which

can be fitted with a single Gaussian component. A Voigt profile fitting for the

tentative Ne v detection is difficult. Thus, the column density of this line is

estimated using the Apparent Optical Depth (AOD) method.

The third absorber is also detected with similar ions at redshift z = 2.4887.

The O vi lines in the absorber are contaminated, only useful to constraint the

upper limit in column density. The doublet lines of C iv are also week which does

not show any evidence for multiple components. Line parameters of the absorber

are estimated using a simple Gaussian profile fitting.

In the forth absorber at z = 2.6910, only Lyman series and Ne v lines are

detected. The kinematic profile of Ne v in the absorber is consistent with the

neutral H i transitions. However, the z = 2.6910 absorber shows an offset of

∼ 30 km s−1 between these two lines. Such off- centred metal lines and H i

lines are already observed in an absorber at z = 2.6498 to the same sightline

(Muzahid et al., 2011). Apart from Ne v, the absorber also shows the evidence

for O vi lines which are mostly contaminated.
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Table 6.4: Line Measurements of Ne v absorbers

zabs Transition v (km s−1) b(km s−1) log [N (cm−2)]

2.4382 C iv 1548 − 1551 −53 ± 1 7 ± 2 11.94 ± 0.1

−13 18 ± 6 12.56 ± 0.7

−5 ± 1 7 ± 2 12.41 ± 0.57

14 ± 6 11 ± 3 12.40 ± 0.45

O vi 1032 − 1038 −53 10 ± 3 13.26 ± 0.08

−35 11 ± 2 13.40 ± 0.1

−5 17 ± 2 13.73 ± 0.06

14 31 ± 3 14.04 ± 0.04

Ne v 357 −5 27 ± 5 14.00 ± 0.1

14 26 ± 9 13.44 ± 0.3

H i 1026 − 1216 −53 16 ± 6 12.89 ± 0.4

−13 62 ± 6 14.04 ± 0.1

−5 32 ± 3 14.48 ± 0.05

14 28 ± 1 14.48 ± 0.03

AOD Measurements
Ne v 357 [−30, 40] — 14.00 ± 0.1

2.3475 C iv 1548 − 1551 −2 ± 1 10 ± 1 13.50 ± 0.01

O vi 1032 − 1038 2 ± 1 15 ± 2 13.69 ± 0.03

Ne v 357 0 15 13.48

H i 1026 − 1216 10 ± 1 35 ± 1 15.56 ± 0.06

AOD Measurements
Ne v 357 [−30, 40] — 13.57 ± 0.05

2.4887 C iv 1548 − 1551 −8 ± 1 7 ± 1 12.50 ± 0.02

Ne v 357 −11 ± 4 39 ± 1 14.03 ± 0.04

H i 972 − 1216 −12 ± 1 43 ± 1 14.88 ± 0.02

AOD Measurements
Ne v 357 [-20,20] — 13.85 ± 0.05

2.6910 H i 1026 − 1216 −9 ± 1 33 ± 4 14.81 ± 0.2

H i 1026 − 1216 56 ± 2 24 ± 3 14.63 ± 0.2

H i 1026 − 1216 113 ± 4 31 ± 2 13.77 ± 0.2

H i 1026 − 1216 162 ± 5 33 ± 7 13.19 ± 0.2

Ne v 357 −52 ± 5 32 ± 2 14.02 ± 0.09

Ne v 357 27 ± 6 46 ± 2 14.23 ± 0.06

AOD Measurements —
C iv 1551 [−100, 0] — < 11.43

C iv 1551 [0, 100] — < 11.39

C iv 1548 [−100, 0] — < 11.14

C iv 1548 [0, 100] — < 11.10

Ne v 357 [−100, 0] — 14.15 ± 0.06

Ne v 357 [0, 100] — 14.13 ± 0.03

141



Figure 6.4: Absorbers at z = 2.3475 and z = 2.4382

Figure 6.4 The Voigt profile fit results of the absorber at z = 2.3475 and z = 2.4382 is shown in the rest-frame of the absorber. The red thick line

shows the model profile and the red tick marks indicate the centroid velocity of each component.
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Figure 6.5: Absorbers at z = 2.4887 and z = 2.6910

Figure 6.5 The systemplots of absorbers at z = 2.4887 and z = 2.6910 are shown. Transitions of Ne v and H i are detected in both instances. Only

z = 2.4887 absorber detected with C iv transitions which is a clear non-detection in the z = 2.6910 absorber. Both the lines of O vi are contaminated

in both systems.
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6.5 Ionization Modelling of the absorbers

6.5.1 The z = 2.7356 Absorber

For understanding the ionization process in detail, we model the absorber with

time-independent photoionization model. The lack of robust measurements in the

individual components led us to assume a similar physical condition throughout

absorber and model a component at v = 65 km s−1 which has the most reliable

measurement available.

Photoionization model of this absorber was constructed using Cloudy (ver

13.03) for a gas with log N(H i) = 15.63 assumed to be plane parallel slabs of

constant densities illuminated with the extragalactic radiation at z = 2.73. The

absorber is assumed to have solar abundance ratios as described in Asplund et al.

(2009). Modelling of the cloud was done with three different radiation fields-

KS15, KS15 with spectral cutoff and HM12 respectively (Shown in Figure 6.6).

The predicted column density ratios of N (C iii)/N (C iv), N(Si iii)/ N(Si iv)

and N(Si iv)/N(C iv) are shown in Figure 6.7.

The ionisation model of the absorber that uses KS15 UVB can reproduce the

observed ratio of N(C iii)/ N(C iv) at density nH ∼ 5 × 10−3 cm−2. From

the upper limit of Si iii column density, we calculated N(Si iii)/ N(Si iv) which

gives an upper limit in density nH ∼ 5 × 10−2 cm−2 from the model. The ratio

of N(Si iv)/ N(C iv) adds another constraint to density which is consistent with

the range of density that we already derived. Thus, we find a narrow range of

density 10−3−10−2 cm−2 which can explain the observed ion ratios of carbon and

silicon.

We find, for solar metal abundance, N(Si iv)/ N(Ne v) ratio is slightly off

with the range of density that we derived. With a +0.5 dex increase in the

abundance of neon, the model can produce Ne v as observed from the same gas

phase from the same gas phase. A similar trend is observed from the ratio of

N(C iv)/ N(Ne v) which require a +0.5 dex higher metal abundance ratio to be

consistent with density we derived.

Change in the UV background does not improve the problem anyway, rather
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Figure 6.6: UV background at z = 2.73
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Figure 6.6 The figure shows a comparison of three UV background used to model the

absorber at 2.7356. The model HM12 and KS15 UVB with SED break shows a break

in the spectral energy distribution at E ∼ 3 Ryd. Compared to these models, KS15 has

a slightly hard UV radiations for E ≥ 3 Ryd. On the subsequent models, we use KS15

UVB for photoionization modelling. The vertical dotted lines the plot show the

ionization energy of different ions.

make it worse. For example, the predictions from HM12/ KS15 - without SED

break produce C iii, Si iv and C iv consistently from a density range of nH ∼
5 × 10−3 cm−2. To produce Ne v from this gas phase requires neon abundance

increased more than an order of magnitude. Thus, we conclude, a single phase

photoionized origin of Ne v along with the remaining ions is possible with a +0.5

dex rise in the abundance of neon when we use KS15 UV background (without

break). The KS15 UV background with a break in the spectra or HM12 UVB

requires a much higher abundance of Ne v which can not be the case.
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Figure 6.7: Ionisation models of the absorber at z = 2.7356

Figure 6.7 Left Panel : The change in column density ratio of C iii, C iv, Si iv and Ne v with density for three different UV background HM12, KS

15 (with SED break) and KS15 (without SED brake) are shown in the figure. The grey marked region shows the observed column density ratio and the

region in green show the density at which the observed ratio produced for a solar metal abundance. The model suggests that the observed ion ratios can

not be produced via photoionization from a single gas phase. Right Panel : The change in column density ratio of these ions for a model with KS15

UVB at different temperatures is shown here. The grey marked region is the observed column density ratio and the green region shows the density at

which the observation matches the model prediction. We find the model at temperature T ∼ 4× 104 K predict all the ion ratios consistently.
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Collisional ionization is one another way to produce Ne v. However, a pure

collisional origin of the absorber is least expected in a normal astrophysical con-

dition. Hence, we model the absorber at different temperature by including UV

photons as in the photo-ionization model. The model result is shown in the Figure

6.7 for four different temperature.

We find the model is consistently producing all the ions in the absorber from

a single phase with density of nH ∼ 5 × 10−3 cm−3, temperature T ∼ 4 × 104 K

and a metalicity of z = −1.2 respectively. The model is consistent for other UV

background also. Both HM12 and KS15 UVB with SED cut off are consistent

at a density nH ∼ 3 × 10−3 cm−3 and metallicity z = −1.3 dex at the same

temperature.

The temperature at which we get the single-phase solution is ( T ∼ 4 × 104

) K is not widely different from the typical photoionization temperature. A pure

photoionization of the absorber with UV background radiation alone could heat

up the cloud to a temperature T ∼ 1.2× 104 K naturally.

The contribution of collisions is important as we go to higher and higher tem-

perature. The gradual rise in temperature increases the column density of all the

three intermediate ions slowly (C iv, Si iv and also Ne v). The rise in column

density via collisions is higher for Ne v at temperature T < 5 × 104 K. This

process increased the column density of Ne v compare to both C iv and Si iv.

However, the collisional origin of Si iv and C iv drastically increased for tem-

perature T > 5 × 104 K. This can see as a sharp turn around in the ratio of

N(Si iv)/ N (Ne v) and N(C iv)/ N(Ne v) in Figure 6.7. Further increase in

temperature will reduce the production of Si iv via collisions whereas Ne v keeps

rising till it peaks at 2×105 K. The collisional contribution to C iv peeks at 105 K.

Note that a further turn around of N(Si iv)/ N (Ne v) and N (C iv)/ N (Ne v)

ratio is expected at temperature T > 105 K. But at such high temperature, the

ionisation fraction of C iii, H i etc will reduce which invalidate a single phase

origin of the absorber.
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6.5.2 Other Ne v absorbers

The absorbers at z = 2.3475 and z = 2.4382

For the photoionization model of these absorbers, we used the recently modified

KS15 UV background as the ionization source. The absorber is assumed to have

a simple plane-parallel geometry and a solar metal abundance (Asplund et al.,

2009). The column density ratios N(C iv)/N(O vi), N(C iv)/N(Ne v) and

N(C iv)/N(O vi) predicted by the model for the absorbers at z = 2.3475 and

z = 2.4382 are shown in Figure 6.8.

In the absorber at z = 2.3475, the model predicted column density ratios

of N(C iv))/ N(O vi), N(C iv)/ N(Ne v) and N(O vi)/N(Ne v) are consistent

for a gas with density nH ∼ 10−3 cm−3. This means that the absorber can have

an intervening origin purely via photoionization of UV radiations. Model predicts

a photoionization temperature of T ∼ 104 K and a metallicity of −1.5 dex for the

absorber.

A similar model of the absorber at z = 2.4382 is shown in the right panels of

Figure 6.8. The model reproduced the column density ratio of N(C iv)/N(O vi)

from a gas phase with density nH ∼ 10−3 cm−3. However, to produce the column

density ratio of N(C iv)/N(Ne v) and N(O vi)/N(Ne v) from the same phase

requires the abundance of carbon at least one order of magnitude less. This is

not usually observed in normal astrophysical conditions. We looked further with

hybrid ionization scenario which includes collisional ionisations as well. The model

run in the temperature range of 8× 104 − 1.6× 105 K. The column density ratio

of N(C iv)/N(O vi), N(C iv)/N(Ne v) and N(C iv)/N(O vi) from the model is

shown in Figure 6.9. We find the model can reproduce all the ratios at density

nH ∼ 10−3 cm−3, temperature 1.6×105 K for a cloud with metallicity of −2.2 dex

from solar. This revealed the presence of warm baryons with temperature T ∼ 105

K at high redshift for the first time.
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Figure 6.8: Photoionisation models of z = 2.3475 and z = 2.4382 ab-

sorbers

Figure 6.8 The model predicted column density ratio of C iv, Ne v and O vi ions

with density for absorbers at z = 2.3132 and z = 2.4382 is shown in figure. The grey

marked region is the observed column density ratio of the ions and the region marked

in green is the density constrained from this model. The first absorber at z = 2.3475 is

consistent with photoionization origin from a gas phase with density nH ∼ 4× 10−4

cm−3. However, the ratios observed in the z = 2.4382 absorber is not consistent with a

pure photoionization model.
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Figure 6.9: Hybrid model of the absorber at z = 2.4382

Figure 6.9 The change in the column density ratios of N( C iv ), N( Ne v) and N(

O vi ) with density is shown four different temperature and KS15 UV background.

The gray marked region show the observed column density ratio of each ions and the

region in green is the density which simultaneously explain all the ratios. Model

predict all the ratios at a temperature T ∼ 1.6× 105 K.

The absorbers at 2.4887 and z = 2.6910

The absorbers at z = 2.6910 and z = 2.4887 are the two other instances with

Ne v detections. The O vi transitions in these absorbers are contaminated which

prevented us to have a complete ionization model for these absorbers. Both of

these absorbers have properties similar to the absorber at z = 2.4382 where the

detection of C iv is weak compared to Ne v and O vi lines. In the z = 2.4887

absorber, we found that a simple photoionization model cannot produce the ob-

served
log N(C iv)
log N(Ne v)

= −1.2 dex ratio from gas with solar metallicity. Similarly,

log N(C iv)
log N(Ne v)

= −1.3 dex observed in the z = 2.4887 absorber is also not produced
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via photoionization alone ( See the model of z = 2.4382 absorber in Figure 6.8 for

details). However, a hybrid ionisation scenario can produce this ratio from a gas

phase with temperature T ∼ 2× 105 K, density nH ∼ −3 cm−3 and metallicity of

−2.5dex respectively.

In the absorber at z = 2.6910, C iv is a non-detection. The upper limit

in C iv corresponds to column density ratio of
log N(C iv)
log N(Ne v)

< −2.8 dex for the

absorber. This ratio can be produced neither via photoionization nor via collisional

ionization. The origin of this absorber is discussed in detail in the next Section.

6.6 On The Origin of the Absorbers

The Luminous Infra-red Galaxies (LIRGs) and Ultra Luminous Infrared Galaxies

(ULIRGs) shows the atomic fine structure emissions from Ne v in mid-infrared

region (Petric et al., 2011; Inami et al., 2013; Spinoglio et al., 2015; Armus et al.,

2007, 2004). The ionization energy required to produce Ne v species is generally

difficult from the photoionization of stellar radiations in the galaxies. The em-

pirical relationship of Armus et al. 2007 showed that for
log N(Ne v)
log N(Ne ii)

≥ 0.75 and

log N(O iv)
log N(Ne ii)

≥ 1.75, more than 50 % of the nuclear emission is from the active

galactic nuclei in the galaxy. This correlates the detection of Ne v in LIRGS to

the presence of AGN at the centre of the galaxy. From the statistical analysis of

248 LIRGs, Petric et al. 2011 found 18% of LIRGs consists of an active nucleus at

the centre of them.

Similarly, in the intergalactic medium, the energy density of UV photons with

λ < 1000 Å is dominated by the radiations from quasars and AGN (Khaire and Srianand,

2015b,a; Haardt and Madau, 2012). The average distribution of the energy of

these photons at different epoch is represented by UV background radiations and

we used UV background of KS15 (without SED break) to model our absorbers.

Using this UVB, the absorber at z = 2.3475 can be modelled via pure photoion-

ization for solar abundance ratios. The ionization conditions of no other Ne v

absorber can be reproduced via photoionization of a gas with solar abundance

ratios. For the absorber at z = 2.7356, it requires either an enhancement of hard

UV radiation or a mechanism which can raise the photoionization temperature
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from 1 × 104 K to 4 × 104 K to explain the observed ion ratio of the absorber.

Similarly, to reproduce the observed ion ratios of z = 2.4382 and z = 2.4887 ab-

sorbers requires warm-hot gas phase with temperature T ∼ 2×105 K. Ne v is also

detected in the z = 2.6910 absorber where both photoionization and collisional

ionization processes failed to explain their observed line ratios.

A local enhancement of UV radiation is expected in the regions overpopulated

with AGN and quasars (Fardal and Shull, 1993; Croft, 2004; McDonald et al.,

2005). The study of Worseck et al. 2007 showed the presence of 14 quasars towards

HE 2347-4342. Three foreground quasars are detected at redshift z = 2.282 (QSO

J 23503-4328), z = 2.302 (QSO J 23500-4319) and z = 2.69 (QSO J 23495-4338)

respectively. These quasars can cause a "transverse" proximity effect in the form

of radiation-induced voids in the Lyα forest which is not observed (Worseck et al.,

2007). However, Worseck et al. 2007 find a statistical excess of hard UV radiations

from the variations in He ii ratio. They looked further into the metal systems at

z = 2.275, z = 2.3132 and z = 2.7119 to find the evidence for the proximity effects.

But the strong contaminations in the absorber z = 2.275 and z = 2.7119 could not

provide enough constraint to develop a complete ionization model. The third sys-

tem at z = 2.3132 did not show any evidence for proximity effects. Muzahid et al.

2011 revisited the He ii

H i
ratio towards this line of sight detected four absorbers at

z = 2.6346, 2.6498, 2.6624 and 2.6910 in the region with low η measurements.

The origin of Ne v absorptions in some of our sample could be the evidence for

the transverse proximate effect of the three foreground quasars. The separation of

each absorber from the neighbouring quasars are shown in table 6.2. One of the

absorber at z = 2.6910 is within ∼ 100 km s−1 of the QSO J 23495− 4338 is most

likely affected in this manner. We found C iv

Ne v
< −2.8 in this absorber which

can produce neither via photoionization nor via collisional ionization suggest the

local influence of the foreground quasar. The components of H i and Ne v in this

absorber show a kinematic offset between them could be the evidence for ionized

gas associated with this quasar. Similarly, the velocity separation of the 2.7356

absorber and QSO J 23500 − 4319 is only Δv ∼ 3400 km s−1 with the projected

separation of ∼ 8 Mpc in the sky. The vicinity of the quasar in the neighbourhood

of this absorber can provide the required of enhancement of hard UV radiation

which can increase Ne v

C iv
ratio as observed. The absorbers at z = 2.4382 and
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z = 2.4887 are > 6000 km s−1 from the neighbouring quasar with a projected

separation of 4.4 Mpc. The large velocity separation of the absorber from the

AGN is higher than the velocity of a typical in-falling cloud. If the cloud is not

in-falling, this velocity separation translates into a distance of ∼ 85 Mpc. In such

a large separation no proximate effect is expected. However, note that the survey

of Worseck et al. (2007) is not complete at this redshift to sample a full population

of quasars with MB < −23. This suggests the possibility of undetected quasars in

the vicinity of the absorber.

The origin of absorbers in a warm-hot gas phase is the description is suitable

for 2.4382 and 2.4887 absorbers. A hybrid ionization modeling at temperature

T ∼ 2×105 K and density nH ∼ 10−3 cm−3 easily recovered the observed properties

of these absorbers. The metallicity derived for these absorbers are < −2 dex

less than solar suggests that the absorbers reside in the region with low star-

formation. A further understanding of the origin these absorbers requires a better

understanding of their neighbourhood. Unfortunately, at present, no such details

available at this redshift. We also note that modifications in the spectral lines

due to the mechanical supply of energy in the form of winds or other turbulent

processes could lead to the similar scenario.

From this study, we find that the origin of Ne v in the intervening systems are

more complicated than their origin inside galaxies. In our sample of 5 intervening

Ne v absorbers, one system tracing a gas purely photoionized by UVB radiations,

two of the systems probing warm gas with T ∼ 105 K and two other systems

probing gas in the vicinity of quasars. For these absorbers, the ratio C iv

Ne v
is found

to be more sensitive to the ionization mechanism. We note that the absorbers with
C iv

Ne v
< −1 are difficult to produce via photoionization of UV background alone.

6.7 SUMMARY & CONCLUSIONS

In this chapter, we have discussed the physical conditions in five intervening Ne v

absorbers. Though all of these absorbers are ≥ 10000 km s−1 from the back-

ground quasar, the description of an "intervening system" is not valid for most

of the absorbers. We find 3 of the 5 Ne v absorbers are within 5000 km s−1
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from their neighbouring quasars. To produce the metal ion ratios consistently via

photoionization, four out of the five absorbers required an enhancement in UV

radiation. However, the metal ion ratios of the absorber at z = 2.3475, which is

∼ 4000 km s−1 from the nearby quasar is consistent with photoionization of UV

background alone. Major conclusions from this work are summarized below.

1. From a sample of 11 intervening Ne v absorbers at redshift z > 2.2 towards

HE 2347− 4342, we detected five Ne v absorbers.

2. The absorber at z = 2.7356 consists of lines of Si iii, C iii, Si iv, C iv and

Ne v. The origin of the absorber from a photoionization scenario cannot

produce the metal ion as observed. A hybrid ionization scenario can explain

the origin of the absorber at temperature T ∼ 5 × 104 K, density nH ∼
5×10−3 cm−3 and metallicity of −1.3 dex. However, the velocity separation

of the absorber z = 2.69 from the foreground quasar is only 3400 km s−1

which can cause proximity effects on the absorber.

3. The origin of Ne v and the non-detection of C iv in the absorber at z =

2.6910 can explain neither via photoionization of UV background radiation

nor via collisional ionization. This system has a strong influence from the

neighbouring quasar. The kinematic offset between the components of H i

and Ne v in the absorber is likely an ionized gas flow connected with the

associated quasar.

4. The absorber at z = 2.4382 is detected from the absorption of C iv, O vi

and Ne v lines. The observed C iv

Ne v
= −1.2 can be produced via hybrid

ionization for a gas with temperature T ∼ 1.6× 105 K. There is no quasars

detected in the absorber neighbourhood. The nearest quasar is the one

at z = 2.32 which is > 6000 km s−1 from the absorber cannot cause any

proximity effects.

5. Similarly, the absorber at z = 2.4887 is also detected with C iv, O vi and

Ne v ions with C iv

Ne v
= −1.3. A hybrid model can produce this ratio for T ∼

2×105 K. As in the previous case, no neighbouring quasar is detected within

the vicinity of this region. The origin of the absorber can be from a medium
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shock-heated to high temperature 105 K plasma or could be associated with

any undetected quasar in the absorbers neighbourhood.

6. The absorber at z = 2.3132 also detected with C iv, O vi and Ne v ab-

sorption lines. The ratio of C iv

Ne v
= 0 which can be easily produced from

the photoionization of UV background. There is a neighbouring quasar with

Δv ∼ 4000 km s−1 which does not show any proximity effect on this ab-

sorber.

7. We also note that the ratio of C iv

Ne v
is sensitive to the ionization conditions

of the absorber. We find that an absorber with C iv

Ne v
> −0.5 can have

photoionization origin from the typical UV background. On the other hand,

if the ratio C iv

Ne v
< −1.0, it is more likely produced via collisions or via

quasar proximity effect.
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CHAPTER 7

Conclusions & Future Directions

7.1 Summary of the Results

The observational studies of warm-hot baryons at low-redshift universe are mostly

based on the detection of highly ionized metal lines of O vi and Ne viii in the

UV spectrum of background quasars. Among them, the origin of O vi was highly

ambiguous whereas Ne viii is treated as an explicit tracer of shock-heated warm

hot baryons. The recent studies of Kollmeier et al. 2014 and Shull et al. 2015 in-

dependently measured the H i ionization rate at low redshift which is a factor of

2 − 5 times higher than HM12. Kollmeier et al. 2014 referred this as photon un-

derproduction crisis and suggests the contribution of additional radiation sources

such as low luminosity hidden QSOs or decaying dark matter particles to solve

this problem. However, using an updated star formation rate and QSO emissivity,

KS15 updated the UV background which explains the observed H i ionization rate

without the contribution from any additional sources. This new UV background

has 3 times higher intensity at energies > 4 Ryd where the ionization potentials

of O vi and Ne viii resides. Such an increase in the intensity of UVB can also

increase the production of higher ions at low redshift IGM. In a recent study,

Hussain et al. (2017) showed that the updated UV background can also produce

Ne viii by invoking super-solar neon abundance. Though such high metalicities

are unusual for gas outside of galaxies, the analysis nonetheless points to the fact

that Ne viii can no longer be regarded as an explicit tracer of warm-hot baryons.

Understanding the ionization of these absorbers, their multiphase properties, and

their total baryonic content requires careful analysis of individual absorption sys-

tems.

In this thesis, we have done a detailed analysis of four intervening absorbers

consisting of highly ionized metal ions of O vi and Ne viii. Among them, two of



the absorbers are detected with Ne viii and one with O vi and thermally broad-

Lyα line which collectively revealed the presence of a warm hot gas phase in each

case. At the same time, O vi absorption in the fourth absorber is produced from a

photoionized gas phase. Thus, we conclude that the detection of O vi or Ne viii

with additional evidence for the presence of a BLA, still holds the capacity to

reveal the presence of T ≥ 105 K gas in complex multiphase absorbers.

We find one another species Ne v, which hold the properties similar to O vi

and Ne viii absorbers. In an analysis of five Ne v absorbers discussed in this

thesis, we find two of them probing gas in the transverse proximity zone of fore-

ground quasars, one is consistent with the intergalactic origin via photoionisation

of UV background and the remaining two could be either associated with a warm

baryonic gas phase or with some undetected quasars.

7.2 Highlights of the Research

1. Using O vi, Ne viii doublet transition and also thermally Broad-Lyα, we

find the evidence for the presence of warm hot baryons in the low-redshift

universe. Our work shows the capability of Ne viii, O vi and BLA in re-

vealing the presence of T ≥ 105 K gas in complex multiphase absorbers.

2. The studies of O vi absorbers are often ambiguous in determining whether

the gas is photoionized or collisionally ionized. We detected two nearby O vi

absorbers separated by ∼ 700 km s−1 where one is tracing shock-heated gas

whereas the other one is tracing photoionized cooler gas. This supports the

ambiguous of O vi origin. With this, we demonstrate the importance of

carrying out a detailed analysis on individual absorbers to understand the

multiphase gas properties in a complete way than what large survey of such

absorbers can afford.

3. Before this research work, there were 10 instances of Ne viii detections in

the intervening absorbers. We contribute two more detections to it, both of

which are probing T ≥ 105 K plasma in the galaxy overdensity regions.
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4. The recently updated UV background questioned the origin of Ne viii as

an explicit tracer for warm - hot baryons. From a detailed analysis of the

Ne viii absorbers reported in this work, we find that metallicity plays a

crucial role in determining the origin of the Ne viii as either shock -heated or

photoionized gas. One of the Ne viii reported in this work can be explained

by the photoionization model only with a super-solar abundance of neon, but

the subsolar metallicity observed in the remaining ions do not favor such a

scenario.

5. We studied the location where these absorbers originate. All the absorbers

are likely coming from a galaxy overdensity regions. In one instance, we

found the absorber tracing gas within the virial radii of a galaxy. In all the

remaining cases, the absorber is tracing intra-group gas or warm galactic gas

associated with galaxies whose luminosities are below the SDSS detection

threshold.

6. For the first time, we report the detection of Ne v in absorption at high

redshift intergalactic medium. The detection of this ion is useful to un-

derstand the local enhancement of UV radiation in intergalactic regions, to

understand the origin of ionization of the gas and to discriminate various

ionization processes in IGM. This is the only second instance of detection of

Ne v absorption in the intergalactic medium.

7. There are five instances of Ne v detections in the high redshift intervening

absorbers. The ionization modeling of these absorbers revealed the ambigu-

ity of the origin Ne v in the intergalactic medium. We find C iv

Ne v
ratio is

sensitive to the ionization scenario of the absorber. For C iv

Ne v
> −0.5, the

absorber is likely following a photoionization scenario whereas the ratio of
C iv

Ne v
< −1.0 is more likely dominated by other processes such as collisional

ionisations, winds/turbulence or the proximity effects of associated quasars.

7.3 Future Directions

Absorption line spectroscopy has been highly successful in studying the physi-

cal and chemical properties of the gas in the circum-galactic and intergalactic
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regions. The study of absorption lines along the various quasar sightlines from

the ground as well as from space has provided a statistical sampling of halo gas

(Tumlinson et al., 2017). It has also improved our understanding of the warm-hot

baryonic reservoirs at low redshift, their absorption line properties, chemical and

ionization conditions, and their association with galaxies (Narayanan et al., 2012,

2011b, 2010a,b; Savage et al., 2005, 2011b,c).

The contribution to Ωb from Ne viii absorbers will add to the ongoing obser-

vational efforts to complete the baryon census in the low redshift universe. In

one of the earlier detections of Ne viii absorber, Narayanan et al. 2009 roughly

estimated ΩNe viii
∼ 0.0026 which corresponds to a total of ∼ 6% of cosmic

baryons. A similar estimate by Meiring et al. 2013 towards the quasar sightline

PG 1148+549 ( the only quasar sightline detected with 3 intervening Ne viii ab-

sorbers ) finds ΩNe viii
≤ 0.002 corresponding to ∼ 4% of cosmic baryons. All

of these estimates indicates that the baryonic matter associated with Ne viii ab-

sorber population tracing T > 105 K is comparable to the amount of baryons

in galaxies ( Ωgalaxies ∼ 0.0035, Fukugita and Peebles 2004 ). However, a precise

estimate of their baryonic contribution requires a much larger sample of these ab-

sorbers. The future high S/N observations using HST/ COS at redshift z > 0.4

will be able to detect the weak doublet transitions of Ne viii which can slowly

increase the size of Ne viii samples. Also, it is worth to note that we yet have to

find an absorber with Ne viii column density higher than O vi which is a direct

evidence of a hot medium with temperature ∼ 106 K. With a better sample of

Ne viii absorbers, one should be able to address these problems in future.

Apart from the absorption line studies using QSO spectroscopy, alternative

ways to detect warm-hot baryons are being explored. Some of these methods are

briefly discussed below.

• Sunyaev-Zel’dovich effect

The enhancement of energy of CMB photons due to the inverse - Compton

heating of high energy electrons is called Sunyaev-Zel’dovich effect. The ef-

fect is observationally detected as a shift in the blackbody power spectrum

towards higher energy in galaxy clusters where they revealed the presence

of hot plasma in the intercluster medium (Grego et al., 2001; Birkinshaw,
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1999). The detection of WHIMs outside virialized structures (where the

majority of the WHIM baryons resides) requires a limit of detection at least

two orders of magnitude less than in galaxy clusters. Using the data from

WMAP, Hansen et al. (2005) search for the evidence of these baryons, but

could not find any detectable signal only managed to determine an upper

limit in their signal strength. At present, there are several large surveys

focusing on the detection of ICM which can significantly improve the infor-

mation of gas in galaxy clusters (Swetz et al., 2011; Carlstrom et al., 2011;

Planck Collaboration et al., 2016, 2017; Bengaly et al., 2017). The recent

study of de Graaff et al. 2017 finds the evidence for WHIMs in the stacked

filamentary structure which can account ∼ 30% of the total baryons in the

universe. This is a promising way to find a statistical evidence for the pres-

ence of WHIMs in IGM in future.

• Dispersion Measurements

This method is based on the detection of frequency dependent variation

of refractive index observed in ionized plasma. The change in refractive

index can be calculated from the time delay in the pulse arrival at differ-

ent frequencies. The observed time delay is proportional to the dispersion

measurement which can be converted to the corresponding electron column

density. To convert electron column density to the mass of WHIM, a prior

knowledge of the metal abundance and ionization corrections are required.

The major limitation of this method is that it requires a pulsating source in

the background of the WHIM. The ideal source for such studies is the class

of objects called pulsars. Unfortunately, there is no detection of pulsars at

cosmological distances. The upcoming space telescope James Webb Space

Telescope(JWST) expected to launch in 2018 may be able to detect pulsars

at cosmological distances. Another class of objects suitable for dispersion

measurement is the gamma-ray burst. Their radio emissions can be suit-

able for dispersion studies with the upcoming instrument such as Square

Kilometer Array(SKA).

• Radio Hyperfine Lines

The detection of the hyperfine transition from hydrogen-like atoms is another

possible way to detect WHIMs. The transition of N vii at 53.2 GHz is
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accessible at z > 0.1 for ground-based felicities, but the line is weak for

detection(Goddard and Ferland, 2003).

Recently, ISRO (Indian Space Research Organisation) launched the space-

based telescope ’Astrosat’ with UV imaging and spectral capabilities (UVIT)

(Subramaniam, 2012). However, the spectral resolution and sensitivity of this

telescope are not sufficient to detect the warm -hot baryons either from their

absorption or from their emission. Detecting the shock-heated warm-hot gas in

emission from IGM at low redshift would require higher sensitivity detectors in

the far UV such as what is being planned for NASA’s Large Ultraviolet/ Optical/

Near-Infrared Surveyor (LUVOIR). This space observatory, expected for launch

in 2030, should be able to map temperature, density and the rate of flow of gas

in CGM from their UV emission. This could answer various unanswered ques-

tions including the missing warm - hot baryons in the IGM, the role of CGM in

the formation and evolution of galaxies, different feedback mechanism in galaxies

in the form of inflows and outflows and the piece of information of the recycle

mechanisms in galaxies.
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