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Synopsis

Galactic outflows are multiphase hydrodynamic phenomena observed in various wavelengths,

and are thought to be driven by supernovae (SNe), radiation pressure and AGN activity. They

are important as a feedback process for galaxy evolution, asthey are believed to shape the

galaxy luminosity function, enrich the intergalactic medium (IGM) with metals and drive the

universal mass-metallicity relation in galaxies. These large scale outflows are observed in

X-rays, Hα, in the neutral lines such as NaD and MgII , as well as in molecular lines e.g.

CO and H2. In this thesis, we study the outflows analytically and usingsimulations. We

obtain interesting results which explain a variety of observations such as (I) the correlation

between the outflow speed and the galaxy circular speed, (II ) the relative importance of ram

and radiation pressure and the importance of cosmic rays (III ) observed threshold of star

formation surface density (ΣSFR ∼ 0.1 M⊙ yr−1 kpc−2), for galaxies to show signatures of

outflows, (IV ) high velocity (> 103 km s−1 ) outflows due to the presence of an AGN, (V)

gas reservoirs in the halos of galaxies (VI ) ratio of the stellar to halo masses in galaxies. We

also carry out an observational study in which we search for acorrelation between the quasar

luminosity and the velocity offset of strong MgII absorbers in quasar spectra, and explore the

possibility that a significant fraction of strong MgII absorbers may arise in outflows driven

by quasar radiation. We describe below the work conceived inthis thesis and our findings.

Radiation driven outflows from disc galaxy

Observational studies of cold phase outflows (T ∼ 104 K) show that the maximum speed

of outflowing gas is correlated with the circular speed of thegalaxy (Martin, 2005). Similar

correlations, when used in simulations of galaxy formationas a feedback recipe, can explain

the galaxy luminosity function as well as the enrichment of IGM (Oppenheimer & Davé,

2006). Such a correlation between the wind speed and circular speed is better explained

by radiation driving as compared to the standard SNe driving(Martin, 2005; Murray et al.,

2005). We study gaseous outflows along the pole of a galaxy, driven by radiation pressure

on dust grains. We consider the gravitational and radiationforces due to a disc with surface

brightness (I) and surface mass density (Σ). We also include the gravitational effect of bulge

and dark matter halo and show that the existence of such an outflow implies a maximum value

of ∼ 10−2 for disc mass-to-light ratio. We show that the terminal windspeed is proportional

to the disc rotation speed in the limit of a cold gaseous outflow. Using the mean opacity of

dust grains and the evolution of the luminosity of a simple stellar population, we then show

that the ratio of the wind terminal speed (v∞) to the galaxy rotation speed (vc) is roughly



v∞/vc ∼ 3. We find that these outflows can be sustained for a period of∼ 10 Myr after a

burst of star formation, and further evolution of these winds depends on the rate of occurrence

of starbursts.

Furthermore, we carry out a 2-D hydrodynamic simulation of radiation driven galactic

wind from a disc with exponentially varying surface brightness and mass density, and total

mass of the galaxy similar to that of the Milky Way. We use the TVD hydrodynamic code

developed by Ryu et al. (1993); Kang et al. (1994). We simulate in cylindrical coordinates

and study the structure and dynamics of cool and/or warm (T ≃ 104 K) outflows. We

have taken into account the total gravity of a galactic system that consists of a disc, a bulge

and a dark matter halo. We find that the combined effect of gravity and radiation pressure

from a realistic disc drives the gas away to a distance of∼ 5 kpc in∼ 37 Myr for typical

galactic parameters. The outflow speed increases rapidly with the disc Eddington parameter

Γ0(= κI/(2cGΣ)) for Γ0 ≥ 1.5. We find that the rotation speed of the outflowing gas

is . 100 km s−1. The wind is confined in a cone which mostly consists of low angular

momentum gas lifted from the central region.

Outflows driven by combined action of radiation and ram pressure

In the standard SNe/starburst driven wind scenario, the cold clouds are thought to be en-

trained in the hot phase of flow via ram pressure (e.g. Heckmanet al., 2000). However, recent

models based on radiation pressure neglect the ram pressureas a driving mechanism. If one

carefully compares the ram pressure driving and radiation pressure driving, both mechanisms

have limitations. In the case of ram pressure, although the hot gas provides the momentum

to cold clouds, it can also disrupt the clouds via shocks and instabilities and, as a result, the

clouds may not survive long enough (e.g. Marcolini et al., 2005), which is quite contrary to

observations in which the cold clumps are seen upto heights of ∼ 10 kpc. On the other hand,

in case of radiation driving, as we mentioned above, the luminosities required are quite large,

which may be available only for short periods (∼ 10 Myr). In the face of two processes (ram

pressure and radiation pressure) leading to outflows, one wonders if both processes con-

tribute equally, or if there are regimes in which one of thesetwo processes dominate over the

other.

To explore these issues, we study gaseous clumpy outflows from disc galaxies driven by

the combined effects of ram pressure and radiation pressure. Taking into account the gravity

due to disc, bulge and dark matter halo, and assuming continuous star formation in the disc,

we show that radiation or ram pressure alone is not sufficientto drive escaping outflows, and

both processes contribute. We show that, in the parameter space of SFR and circular speed



(vc) of galaxies, the criteria for the outflows can be written as,SFR
3/4
10 M⊙/yr v

−2
c,140 km/s > 1.

We find that the above criteria implies that the winds should occur in galaxies with star

formation surface density roughlyΣSFR & 10−1 M⊙ yr−1 kpc−2, and thus explains the

observational threshold for winds. We note that the wind speed in galaxies with rotation

speedvc ≤ 200 km s−1 and SFR≤ 100M⊙ yr−1, has a larger contribution from ram pressure,

and that in high mass galaxies with large SFR, radiation fromthe disc has a greater role

in driving galactic winds. For galaxies satisfying our outflow criteria, the ratio of wind

speed to circular speed can be approximated as,vw/vc ∼ 100.7 SFR0.4
50M⊙/yr v

−1.25
c,120 km/s. This

conclusion is borne out by observations of galactic winds atlow and high redshift and also

of the circumgalactic gas. We also estimate the mass loadingfactors under the combined

effect of ram and radiation pressure, and show that the ratioof mass loss rate to SFR scales

roughly asv−1
c Σ−1

g , whereΣg is the gas column density in the disc.

Hydrodynamic study of SNe and AGN driven outflows

SNe driven winds are important for low mass galaxies and the inclusion of this process in

galaxy formation models can account for observed stellar content of galaxies at low mass

end. For high mass galaxies, it is believed that AGN feedbackshapes the galaxy luminosity

function. In semi-analytic modelling the SNe and AGN feedback are used as free parameters

which are tuned to explain the observed galaxy properties (e.g. Baugh, 2006). The literature

lacks an analytical treatment which quantifies the effect ofgravity on SNe driven superwinds.

Also recently, there have been observational indications that outflows with speeds greater

than 1000 km/s in many Ultra Luminous Infra Red Galaxies (ULIRGs), are driven by AGN

(Tremonti et al., 2007; Sturm et al., 2011).

To address these issues, we conduct a hydrodynamic study andwork out the steady state

analytical solutions for winds from galaxies with NFW dark matter halo. We consider winds

driven by energy and mass injection from multiple supernovae (SNe), as well as momen-

tum injection due to radiation from a central black hole. We find that the wind dynamics

depends on three velocity scales: (a)v⋆ ∼ (Ė/2Ṁ)1/2 describes the effect of starburst

activity, with Ė, Ṁ as energy and mass injection rate in a central region of radius R; (b)

v• ∼ (GM•/2R)1/2 for the effect of a central black hole of massM• on gas at distanceR

and (c)vs = (GMh/2Crs)1/2 which is closely related to the circular speed (vc) for NFW

halo, with rs as the halo scale radius andC is a function of halo concentration parame-

ter. Our generalized formalism, in which we treat both energy and momentum injection

from starbursts and radiation from AGN, allows us to estimate the wind terminal speed as,

v∞ = (4v2⋆ + 6(Γ− 1)v2• − 4v2s)
1/2, whereΓ is the ratio of force due to radiation pressure to



gravity of the central black hole. Our dynamical model also predicts the following: (a) winds

from quiescent star forming galaxies cannot escape from1011.5 ≤ Mh ≤ 1012.5 M⊙ galaxies,

(b) circumgalactic gas at large distances from galaxies should be present for galaxies in this

mass range, (c) for an escaping wind, the wind speed in low to intermediate mass galaxies

is ∼ 400–1000 km/s, consistent with observed X-ray temperatures; (d) winds from massive

galaxies with AGN at Eddington limit have speeds& 1000 km/s. We also determine the stel-

lar to halo mass ratio of galaxies, following the scheme suggested in Granato et al. (2004).

In this scenario, the ratio[2v2⋆ − (1−Γ)v2• ]/v
2
c dictates the amount of gas lost through winds.

Used in conjunction with an appropriate relation betweenM• andMh, and an appropriate

opacity of dust grains in infrared (K band), this ratio has the attractive property of being min-

imum at a certain halo mass scale (Mh ∼ 1012–12.5 M⊙) that signifies the cross-over of AGN

domination in outflow properties from starburst activity atlower masses. We find that stellar

mass for massive galaxies scales asM⋆ ∝ M0.26
h , and for low mass galaxies,M⋆ ∝ M

5/3
h .

Signatures of outflows in strong MgII absorbers in quasar sightlines.

We have carried out an observational study to explore the possibility that Mg II absorbers in

quasar sightlines are associated with quasar radiation driven outflows. For this we consider

the quasar spectra in SDSS Data Release-7. We divide the datain the bins of luminosity of

quasars and study the correlation between velocity offset (β = v/c) of strong (equivalent

width > 1 Å) Mg II absorption systems and the bolometric luminosity (Lbol ) of quasars in

SDSS-DR7. We find thatβ shows a power law increase withLbol , with a slope of 1/4, and

such a scaling ofβ with Lbol is expected for outflows driven by scattering of black hole radi-

ation by dust grains, launched from the innermost dust survival radius. Our results indicate

that a significant fraction of the strong MgII absorbers, in the range ofβ = 0.0–0.4 may be

associated with the quasars themselves.
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Chapter 1

Introduction

In the standard cosmological model, where galaxies are the building blocks of the Universe,

galactic outflows play a significant role in shaping the properties of galaxies. They control the

star formation rate (SFR) and metal content in galaxies and enrich the intergalactic medium

(IGM) with metals. The word feedback has a general meaning which describes a loop in

which the outcome of a process influences the inputs as well. Galactic outflows indeed act as

a feedback process for galactic systems, because they remove gas and metals and quench the

star formation, which is required at the first place for driving the outflows. Research on the

galactic outflows span the last five decades and it is one of theimportant baryonic processes

which holds the key for a better understanding of galaxy evolution.

Galactic Outflowsor Galactic Winds∗ span length-scales from a few to hundred kpc and

originate from the disc or centre of galaxies. There are manydifferent phenomenon which

fall under the category of galactic outflows e.g. galactic fountain (with gas falling back

on the disc of the galaxy), galactic supershells which have acompressed layer of gas, and

galactic freewind or superwind, which is a steady and smoothflow of gas. In this chapter

we introduce the field of outflows and provide a literature andtechnical review. We discuss

outflow observations, theoretical models, and physics of driving outflows. This introductory

chapter is organised as follows.

In §1.1 of this chapter, we give a general description of galactic winds and discuss a few

early theoretical studies. In§1.2 we discuss the importance of outflows for galaxy formation,

IGM enrichment and for maintaining mass-metallicity relation in galaxies. In§1.3 we survey

the observational studies on outflows and introduce some milestone observational results.

Among them we also discuss the classification of phases of theoutflows. In§1.4, we discuss

different mechanisms for driving outflows such as, the driving due to starburst or supernovae

∗Throughout this thesis we use the wordswind and outflow interchangeably to address the same phe-
nomenon.
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3 1.1. Early theoretical studies

(SNe), due to radiation pressure on dust grains, due to the cosmic rays and the driving due to

an active galactic nucleus (AGN). In§1.5, we discuss the absorption lines in quasar spectrum

and their origin. In§1.6, we discuss the motivations for this study and in§1.7 we describe

the structure of this thesis.

1.1 Early theoretical studies

The possibility that galaxies can harbour large scale windswas explored soon after the mod-

els of solar wind (e.g. Burke, 1968). It was further proposedthat galactic winds may cause

elliptical galaxies to lose all of their gas (Johnson & Axford, 1971; Mathews & Baker, 1971).

These early models were hydrodynamical and were inspired bythe trans-sonic solar wind

model developed by Parker (1965). To elaborate, in these studies, galactic outflows are mod-

elled using a set of fluid equations, representing mass, momentum and energy conservation,

which are written in density (ρ), velocity (v) and temperature (T ) variables. Theρ, v, and T

are averaged over a fluid control volume or fluid element. These equations can be applied

if the so calledfluid approximationholds, i.e. if the mean free path of particles in a system

is less than the size of the system. In Table 1.1, we have compared the ratio of mean free

path to system size for various astrophysical situations. One can see that fluid approximation

holds good for galactic outflows.

System Size (L) n (cm−3) T (K) λmfp (cm) λmfp/L

Centre of the Sun R⊙ 1026 107 2× 10−8 ∼ 10−19

ISM cloud 100 pc 1 104 9× 1011 ∼ 10−9

Galaxy Cluster Mpc 10−3 3× 107 5× 1021 ∼ 10−3

Solar Wind AU 5 106 2× 1015 ∼ 102

Galactic Wind 10 kpc 10−2 106 6× 1017 ∼ 10−5

Table 1.1: Mean free paths for various astrophysical systems are compared with the systems size. Mean free

paths are calculated by using the relationλmfp ≈ 2 × 105
(

T 2

n ln Λ

)
cm, based on the Coulomb collisions

(Spitzer, 1962), whereT is the temperature,n is the density and ‘lnΛ’ is the Gaunt factor.

The review by Holzer & Axford (1970) gives an elaborate account of the theoretical

aspects of solar and galactic winds. In general an adiabaticflow can not have a critical point.

Continuous energy injection is required in order to have a trans-sonic outflow. In galaxies

the SNe and starbursts are the sources for energy and mass injection. Strength of the energy

injection scales with the SFR and hence it is generally more in starburst galaxies.

A milestone work was done by Chevalier & Clegg (1985) in this regard. These authors

proposed a model for the superwind in the starburst galaxy M82. They showed that energy in-
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jection in the central region can drive a high velocity outflow (∼ 1000 km s−1 ), which passes

through a sonic (critical) point. In this work the gravity ofthe galaxy was not considered,

because the velocity of the wind was an order of magnitude higher then the escape velocity

of the galaxy. Wang (1995) modelled the wind from a power-lawgravitational potential and

showed that the wind may escape the galaxy or settle in a galactic corona depending on the

mass of the galaxy. Wang (1995) also determined the mass of galaxies from which winds

can escape and in which galaxies they will be confined, thereby giving rise to reservoirs of

gas in halos. Apart from these large scale winds arising fromthe nuclear regions of galaxies

as envisaged in the above mentioned works, there have been models exploring the winds

from individual star clusters. Silich et al. (2011) worked out the free wind dynamics from

super star clusters with exponential stellar density distribution and, also studied the effects

of cooling on these winds.

1.2 Importance of outflows

1.2.1 As a feedback process in galactic evolution

Galaxies are the building blocks of Universe. A large fraction of the matter in galaxies

and, in general∼ 80% of the matter in our Universe, is in a state which we can not see

directly and it is known as the dark matter. Thus one studies the formation of structures by

the hypothetical dark matter. The state of the art N-body simulations track the evolution of

perturbations as a function of redshift in an expanding Universe. The perturbations initially

grow linearly but later turn nonlinear. At a stage when the overdensity isδ ≈ 1.686, the high

density regions collapse and form viriallized dark matter halos with a range of masses. One

can catalogue the halos and then derive the mass function forthese halos. The analytical

methodology devised by Press & Schechter (1974) and later extended by Sheth & Tormen

(2002), also yield the same mass function and agree with the N-body simulations. The halo

mass function generally has a power law form and an exponential tail and it is generally

termed as a Press-Schechter halo mass function. The mass function serves as an interesting

prediction of the cold dark matter scenario of the structureformation in Universe. In the

left panel of Figure 1.1, we have shown a plot of the halo mass function (figure taken from

Somerville & Primack 1999) . Various lines correspond to thetheoretical models differing

in the choice of cosmological parameters, with the prediction of ΛCDM shown by a long

dashed line.

The next step is to compare this theoretically derived mass function with the observed

one. In practice we observe the luminosity function for galaxies rather than the mass func-
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tion. To convert the luminosity function to the mass function, we can assume a constant

luminosity to baryonic mass ratio. Another step would then be to translate the baryonic mass

obtained form luminosity to the dark matter mass. To achievethis, we may assume that all

the dark matter halos contain a universal fraction (≈ 1/6) of baryons. Therefore, by using,

L ∝ M⋆ = Mh/6 we arrive at the ‘observed galaxy mass function’, shown by dash-dotted

line in left panel of Figure 1.1. The curves clearly show thatthere is some problem with this

simple picture. Although the shape of the mass function can still be represented by a Press-

Schechter form with power law and exponential tail, however, the slopes are not the same.

The observed mass function is flatter and steeper at lower andhigher mass ends respectively.

Hence the theoretical models seem to over-predict the number of halos both at the lower and

the higher mass end.

Figure 1.1: In left panel the halo mass function from cold dark matter theories is compared with the one
obtained from the observed galaxy luminosity (figure is taken from Somerville & Primack 1999). In the right
panel, the stellar to halo mass ratio is shown as a function ofthe halo mass (Mh), taken from Moster et al.
(2010). The solid line is the best fit stellar to halo mass relation. The light and dark shaded regions extend upto
the1σ and2σ uncertainty.

Recent authors have expressed this problem in a different way. If we drop the assumption

thatM⋆ ∝ Mh, then we can considerM⋆ = f(Mh), wheref(Mh) is a function of the halo

mass whose form is chosen in such a way that the observed mass function matches with

the theoretical one. The task is then to find a suitablef(Mh) which is achieved by using

the conditionn(< M⋆) = n(< Mh), wheren(< M) represent the cumulative number of

halos upto a particular massM . Using this technique of ‘halo abundance matching’, one can

derive the shape of the stellar to halo mass function (M⋆ = f(Mh)). We show this in the right

panel of the Figure 1.1 from a recent study by Moster et al. (2010). One can see the peculiar

shape of the ratioM⋆/Mh, which has a positive and negative slope with a peak roughly at
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Mh ∼ 1012 M⊙. From this figure we find that both the low and high mass galaxies do a poor

job in maintaining a cosmological baryon fraction of≈ 1/6. Even the intermediate mass

galaxies can not maintain this fraction, although they are the ones which show a maximum

value of stellar mass to halo mass.

To reconcile with the problem of mismatch between the halo mass function and galaxy

luminosity function, or in other words to explain the shape of the stellar to halo mass function

(right panel of Fig. 1.1), it has been proposed that starbursts and SNe provide energy injec-

tion and cause large amount of mass to flow out of the galaxy as galactic superwinds (Larson,

1974; Dekel & Silk, 1986; Oppenheimer & Davé, 2006). Star formation is suppressed as the

galaxies lose a significant portion of their baryons due to this negative feedback. Although

this picture can provide an explanation for the low ratios ofM⋆/Mh for the low mass halos,

for the high mass halos, gravity becomes strong and SNe are not sufficient to drive out the

gas. In order to resolve the discrepancy at high mass end, it has been argued that AGN out-

flows may sweep away baryons and suppress the star formation in high mass galaxies (Silk

& Rees, 1998; Wyithe & Loeb, 2003; Di Matteo et al., 2005; Springel et al., 2005; Croton

et al., 2006; Bower et al., 2006). These two feedback processes, when considered together,

are believed to explain the shape of galaxy stellar mass function at both low and high mass

end (Binney, 2004; Cattaneo et al., 2006; Puchwein & Springel, 2013).

1.2.2 Enriching the IGM with metals

After the formation of galaxies, if there is no interaction between the galaxies and IGM,

then the IGM should mostly consist primordial zero metallicity gas. However, an interesting

finding is the detection of metal lines in the spectra of the high-z quasars (e.g. Songaila &

Cowie, 1996; Cowie & Songaila, 1998; Songaila, 2001; Schayeet al., 2003). To be more

specific, the low density IGM is partially enriched at all redshift as shown by the studies of

Lyα forest; as suggested by lines such as CIII , C IV , Si IV , OVI and so on. These results

indicate that baryonic processes in the galaxies were responsible for transporting metals to

such large distances. It has been suggested that galactic outflows resulting from the star

formation process can drive metals into the IGM (e.g. Nath & Trentham, 1997; Ferrara et al.,

2000). There are generally two approaches to address the problem of IGM enrichment. First

one uses semi-analytic models, in which the effect of feedback from halos is studied using

simple prescriptions, where the distribution of halos is obtained by using the Press-Schechter

formalism (Aguirre et al., 2001; Madau et al., 2001; Bianchi& Ferrara, 2005; Bertone et al.,

2005). The second approach uses large hydro and N-body simulations including complex

baryonic processes, in which the galaxies and IGM are evolved with redshift (e.g. Cen &



7 1.2. Importance of outflows

Figure 1.2: Metallicity of intergalactic medium as a function of redshift (figure taken from Songaila 2001).

Ostriker, 1999; Cen et al., 2005). In the aforementioned works the outflows which enrich

the IGM are generally driven by the SNe explosions. Recently, using the smooth particle

hydrodynamics (SPH) code GADGET, Oppenheimer & Davé (2006) considered the effect

of radiation driven outflows and derived the metallicity of IGM at various redshifts. We

would like to mention here that all these theoretical modelscan reproduce the values of

observed metallicity in the IGM within an order of magnitude, which implies that some sort

of outflows were indeed at work for redshift relevant for IGM enrichment.

This leads us to yet another interesting fact, which is the dependence of IGM metallicity

on redshift, which tells us the epoch when the outflows were prevalent. In Figure 1.2, we

have shown the metallicity of the IGM as a function of redshift from Songaila (2001). The

metallicity of the IGM isZ ∼ 10−4–10−3 and it remains constant with redshift in the range,

z ∼ 2–5. This result indicates that the enrichment of the IGM was completed fairly early

at high redshifts (z > 5) and forz < 5 the outflows have had little or no effect in altering

the properties of IGM. Furthermore, it implies that the outflows at high redshifts should have

been more prevalent and vigorous. This interesting prediction has now been verified with

observations as well, where the fraction of galaxies showing outflows is found to be higher

at high redshifts (Adelberger et al., 2003).

1.2.3 Mass-Metallicity relation in galaxies

McClure & van den Bergh (1968) reported a correlation between the luminosity and metallic-

ity in elliptical galaxies. A decade later, Lequeux et al. (1979) reported a correlation between

the mass and the metallicity in a sample consisting of irregular and blue compact galaxies.

Tremonti et al. (2004) studied more than 50000 galaxies in SDSS for these correlations
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and found that the scatter in mass-metallicity relation is much lower than the luminosity-

metallicity correlation thereby showing the importance ofa mass-metallicity relation for

galaxies. This fundamental relation have been extended by Lee et al. (2006) to include low

mass systems thus making it valid for the entire mass range ofgalaxies. If galaxies are

considered to evolve as closed boxes and keep forming stars continuously then the metallic-

ity will keep on increasing indefinitely. Galactic outflows are thought to be the mechanism

which can remove metals from galaxies and hence give rise to the observed Mass-Metallicity

relation (e.g. Arimoto & Yoshii, 1987; Lehnert & Heckman, 1996; Garnett, 2002). Another

explanation is via the continuous inflow of metal poor gas in the centre of galaxy (e.g. Finla-

tor & Dave 2006) which continuously dilutes the metals and acts against the increase in the

metallicity caused by star formation.

In a recent study by Mannucci et al. (2010), it has been shown that the mass-metallicity

relation is actually a manifestation of a more fundamental relation between the stellar mass

, SFR and the metallicity of galaxies. This work shows that the metallicity of the galax-

ies decrease with SFR and the gradient increases with decreasing stellar mass of galaxies.

Galaxies with the highest stellar mass have nearly no variation in metallicity with SFR. Fur-

ther, Mannucci et al. (2010) suggest that the origin of this ‘fundamental metallicity relation’

should be thought of, as a result of the interplay between thestar formation activity, infall

of metal poor gas, and the feedback or outflow processes whicheject the metals. Recently,

Dayal et al. (2013) have provided an analytic explanation for the fundamental metallicity

relation as a result of star formation, inflow and outflows.

1.3 Observations of outflows

1.3.1 Some milestone results

Till late 90’s the phenomena of galactic winds remained mostly confined to theoretical stud-

ies. There were a few early observations in Hα, which reported explosions in the starburst

galaxy M82 (Lynds & Sandage, 1963; Burbidge et al., 1964). Evidence for non-circular mo-

tions was also presented in the galaxy NGC 253 (Demoulin & Burbidge, 1970). The general

observational picture for many years was that of outflows being simple explosions which

can break-out of the plane of the galaxies. However, theoretical studies developed a picture

of large scale outflows which are widespread in many galaxiesand more ubiquitous at high

redshift, which possibly have shaped the baryonic and stellar content in galaxies (e.g. Dekel

& Silk, 1986).

Conclusive evidence for the prevalence of outflows came in a study by Heckman et al.
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(1990). These authors presented the emission line studies of 14 Luminous Infra Red Galax-

ies (LIRGs). There were clear signatures of outflows in the double peaked emission lines,

which originate when the cone of a bipolar outflow cut throughthe line of sight. This work

supported a scenario in which outflows are driven by energy injection due to SNe in the

nuclear starburst region (e.g. Larson, 1974; Chevalier & Clegg, 1985).

X-ray studies of the outflows were boosted by the launch of space telescopes. These

observations brought out vertically extended diffuse gas visible in soft X-ray emission (see

Figure 1.3, left panel ). One cannot infer the velocity of thegas emitting X-rays directly.

However one can use the temperature of the gas to estimate thevelocity. The temperature of

the X-ray emitting gas is found to be roughly∼ 0.1 keV in nearly all the galaxies having su-

perwinds (Martin, 1999; Strickland et al., 2004). If we assume the X-ray emitting gas to be a

steady outflow passing through a sonic point, then its velocity would be a few times the sound

speed. Recent works consider a speed of roughly400–600 km s−1 for the X-ray emitting hot

wind (Martin, 2005; Murray et al., 2005). Another interesting fact is the spatial correlation

of soft X-ray emission with the Hα emission (Lehnert et al., 1999; Strickland et al., 2004).

Recently, Cooper et al. (2009) compared various situationsrelated to cloud–wind interaction

in which the soft X-ray – Hα spatial correlation may arise.

Absorption lines provide yet another window to probe the galactic outflows. Heckman

et al. (2000) studied the outflow from LIRGs and starburst galaxies using absorption lines in

galaxy spectra. The basis for absorption line studies lie inthe fact that for face on galaxies

the light passes through the gas ejected perpendicular to the galactic plane, hence it gets

blueshifted in the rest frame of the galaxy. The lines typical chosen for such studies are NaD

and MgII , which probe the neutral component of the galactic outflows.The advantage of

absorption lines over X-ray studies is the accurate determination of the velocity of outflowing

gas. In the study by Heckman et al. (2000), the velocity of outflows were typically in the

range400–700 km s−1 . However, no correlation was found between the outflow speedwith

the galaxy mass or the circular speed. Subsequent absorption line studies by various groups

have explored many local and high redshift galaxies for outflows (Schwartz & Martin, 2004;

Martin, 2005; Rupke et al., 2005b; Weiner et al., 2009; Kornei et al., 2012). These studies

have yielded interesting correlations like the scaling of outflow speed with SFR and circular

speed of the galaxy for morphologically distinct galaxies.

Outflows are also detected using UV spectroscopy of distant Lyman break galaxies (e.g.

Shapley et al., 2003). Also the spectra of background quasarshow the signatures of outflow-

ing gas from galaxies situated in line of sight. Recently Tumlinson et al. (2011) reported

extended OVI absorption features in halos of galaxies, detected in the spectra of background

quasars. These authors concluded that many galaxies may have had confined outflows which
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created circumgalactic gas reservoirs. In general there are many absorption line features are

found in quasar spectra in SDSS such as CIV , Mg II and so on. The general consensus is that

the strongest (EW> 1 Å) arise when the line of sight passes through the disc of the galaxy,

and the week lines may originate when the line of sight passesthrough the extraplanar mate-

rial. The width of the lines suggest a speed∼ 100 km s−1 for this extraplanar gas. This gas

may be outflowing with this speed and may constitute a week galactic wind in these galaxies

(Prochter et al., 2006a).

Morphologically the winds have many different shapes. In galaxies with very high SFR,

outflows are more or less isotropic with respect to the galactic centre. Outflows in disc

galaxies with moderately high SFR, are bipolar in nature andthey have a conical geometry.

The cone opening angles are observed to be in the range of10◦–100◦. Outflows with large

cone opening angle typically have large mass loss rates. Thereview by Veilleux et al. (2005)

provide detailed information on the aforementioned facts.

We would like to mention here a few limitations of the observations. To start with,

although the X-ray observation give vital information on the spatial extent of the outflow and

the temperature, it doesn’t provide any information of the velocity. Absorption line studies

provide accurate information for the dynamics of the outflowing gas, however the position

of the outflowing gas is poorly constrained and for face on galaxies can not be determined at

all.

1.3.2 Different phases of galactic outflows

Different observation probe the gas differing in thermal and physical properties. For exam-

ple, X-rays probe the diffuse hot gas while spectral lines probe the cold/warm clumpy gas.

Therefore, galactic winds are a multiphase phenomena. We would like to categorise the out-

flows depending on various phases we observe. We can identifyfollowing three different

phases of the galactic winds.

1.3.2.1 Hot (ionized) phase

The gas in the hot phase is termed ‘hot wind fluid’ or simply ‘hot wind’ in literature. This

phase of the wind is detected in X-rays. The soft X-ray emission extending to distances of∼
10 kpc has been found in many galaxies (e.g. Strickland et al., 2004). The temperature of this

hot component is of the order of∼ 0.1 keV (Martin, 1999). This hot phase is theoretically

modelled as a continuously expanding steady wind passing through a critical point, located in

the central regions of galaxy where SNe mass and energy injection is thermallized. There are
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generally two views about the origin of soft X-ray emitting gas. In many galaxies such as the

Sombrero galaxy this hot gas is assumed to be in hydrostatic equilibrium with the halo and

thus it is called the extended corona. This interpretation may be correct for quiescent galaxies

such as our Milky Way, but for vigorously star forming galaxies such as M82 this emission

is more prominent and a strong outflow may be inferred, which is supported by spectral line

studies as well. Therefore the X-ray emitting extraplanar gas in starburst galaxies is most

likely the hot phase of strong galactic wind.

Figure 1.3: Galactic Wind in M82.Left panel: Soft X-ray emission in the 0.3-2.8 keV energy band from
the starburst galaxy M82 is shown in red. Also shown is the optical R-band emission (starlight) in green, and
diffuse hard X-ray emission in the 3-7 keV energy band in blue. The image is∼5 kpc on a side. The white
circle encloses a spherical region with radius 500 pc. Imageis taken from Strickland & Heckman (2009).Right
panel: In this HST image, Hα emission from the filamentary and clumpy superwind of M82 is shown in red.
Hα emission probes the gas roughly at a temperature of104 K. Image credits to NASA, ESA, Hubble Heritage
Team STScI/AURA and J. Gallagher (University of Wisconsin), M. Mountain (STScI) and P. Puxley (NSF).

1.3.2.2 Cold/Warm phase

The colder phase of the wind which typically has a temperature∼ 104 K is detected through

the Hα, NaD and MgII lines. The Hα line probes the ionized gas and NaD and MgII

lines probe the neutral gas. This neutral to partially ionized phase of the wind is clumpy in

nature. For example one can see in the right panel of Figure 1.3, that the cold/warm phase

is filamentary and clumpy in contrast to the smooth distribution of the hot phase shown in

the left panel. The cold phase of winds has been studied extensively, mainly because of two

reasons. Firstly, we can measure the velocity of this phase precisely due to the presence

of Doppler shifted spectral lines, therefore firm conclusions can be drawn for its dynamics.

Secondly, the origin and survival of cold clumps remains a puzzle from theoretical point of

view. In the standard scenario of SNe/starburst driven winds, the origin of this phase has been
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Figure 1.4: The correlation between the cold/warm wind speed and the circular speed of the galaxy. The
left panelis from Martin (2005), where the three representative data sets are used to show the correlation of
outflow velocity with the circular speed of galaxy. The triangles are for dwarf starbursts (Schwartz & Martin,
2004), circles are for luminous infra-red galaxies (Heckman et al., 2000) and the squares represent the outflows
detected in ultra luminous infra-red galaxies (Martin, 2005). The results of another study by Rupke et al.
(2005b) are shown in theright panel, in which similar correlation is reported. (Credit for the left panel to C.
Martin and for the right panel to D. Rupke).

linked to thermal instability of the hot phase of the wind. Furthermore it is believed that the

clumps formed from the main flow are dragged with it due to the ram pressure and thus the

dynamics of the cold phase is controlled by the hot phase of the wind. Observations suggest a

more or less constant velocity for the hot phase of wind as inferred from X-ray temperatures

in many galaxies in a range of circular speeds (Martin, 1999). Therefore, one would expect

the velocity of the cold phase to scale with the hot wind velocity and be independent of

galactic circular speed as well. Earlier observations supported this scenario (Heckman et al.,

2000). However, recent studies report a correlation between the cold wind velocity and the

galaxy circular speed as shown in Figure 1.4 from Martin (2005); Rupke et al. (2005b).

These results led to new theoretical developments as explored in chapters 2, 3 and 4 of this

thesis.

1.3.2.3 Molecular phase

Several studies have been carried out, most of them focused on M82, to detect molecular

lines in the galactic outflow. Taylor et al. (2001) reported extraplanar CO emission in M82

extended upto∼ 6 kpc, and moving with velocity∼ 100 km s−1 . Walter et al. (2001)

presented another study based on CO line, and proposed a coneof molecular outflow with

opening angle≈ 55◦. Recently, Veilleux et al. (2009) have reported the detection of molecu-
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lar hydrogen which is extended and spread in patches in the superwind region of M82. These

authors infer a temperature of the order∼ 100 K for the molecular gas. The existence of the

molecular gas at such extended scales above the galactic plane poses questions. It is possible

that the molecular phase forms due to the radiative cooling of other two hotter phases. In

this case the cool molecular gas may reside in the cores of warm (∼ 104 K) clouds. Detec-

tion of molecular phase is anyway a remarkable fact. It is interesting to find all the three

standard stable phases of the interstellar medium in the galactic outflows. The old and new

observations together pose a vast range of problems for theoretical studies.

1.4 Outflow mechanisms

1.4.1 Starburst/SNe driven outflows

SNe explosions are the micro-engines of galaxies, which inject energy, gas and metals in

the interstellar medium and thus provide fuel for further star formation. SNe explosions

drive a shell of compressed material which slows down and finally fragments via cooling

and Rayleigh-Taylor instabilities. A large SFR implies a large SNe rate as well. The energy

injected by SNe should then depend on the SFR. For starburst galaxies the ISM is highly

influenced by the SNe and as a combined effect of multiple SNe the shell of compressed

material may break out of the galaxy, creating a hole in the disc where a steady free-wind

can develop.

1.4.1.1 Condition for superwind

The condition which should be fulfilled in order that SNe can drive a large scale outflow was

first discussed by (Larson, 1974). The argument was based on acomparison between the

cooling time (tc) of the SNe driven shell and the characteristic collision time (tsnr), which is

the time taken by a single SNe to cover half of the volume of thespace which it will finally

occupy. Thus at a timetsnr, the SNe will have half of its volume heated again by another

SNe. Clearly the characteristic cooling time depends on thefrequency of SNe in a given

volume. Using this Larson (1974) derived a critical value ofstar formation required for the

medium to be kept hot so as to start a subsonic pressure expansion which can turn into a

large scale supersonic outflow of matter.

The existence of a hot tenuous phase in the ISM as a result of high star formation and SN

rate was studied by McKee & Ostriker (1977). Following this work, we can write the filling

factor of the hot medium created by multiple SNe in any given volume as,f = 1 − e−Q,

where,Q = SV tmax is the porosity of the ISM. Here,S is the SN rate, and V is the volume of
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the nuclear region,tmax is the time when the SN remnant will stop expanding (i.e. whenthe

inner pressure is roughly half of the outside pressure). Using the results of Chevalier (1974)

for tmax andRE , we can writeQ = 100.7E1.28
51 S−12n

−0.14
1 P−1.3

4 . whereE is the energy of SN

in units of1051 erg,n1 is the ambient gas density in units of particle/cc,P4 is the pressure

in units of 104 kB K/cc, typical of the ISM in disc galaxies. According to Salpeter IMF,

typically 10−2 SNe occur for a unit solar mass of star formation. Thus we can replace the

SN rateS by the corresponding SFR per unit volume. Furthermore, for the disc galaxies we

can multiply the SFR per unit volume with the disc thickness to obtain the star formation

rate surface density (ΣSFR). Using an approximate value of a unit kpc for the disc thickness,

we obtain the following relation for the quantityQ,

Q ≈ 5E1.28
51 n−0.14

0 P−1.3
4 ΣSFR,0.1 H

−1
kpc (1.1)

which is larger than unity and hence implies a filling factor of f ≈ 1, thus the nuclear region

should be filled with hot gas shaken by repeated SNe. In the above equation, if we set the

criteria for the outflow to beQ ≫ 1, then it would translate to the criteria in star formation

surface density, given byΣSFR ≫ 10−1.7 M⊙ kpc−2 yr−1. Observations agree well with this

criteria as the outflows are generally seen in galaxies with aglobalΣSFR ≈ 0.1 M⊙ kpc−2

yr−1 (Heckman, 2002).

1.4.1.2 A broad picture

Once the nuclear region is filled with hot tenuous gas and a so calledhot cavityis formed,

it starts expanding due to its own pressure and drives a thickcompressed shell of the gas

through the stratified atmosphere of the galaxy. In Figure 1.5 we have shown a schematic

diagram of the SN driven wind model from Heckman et al. (1990). In the left panel of the

figure the shell driven by energy injection is shown expanding through the vertically stratified

medium in a disc galaxy. The compressed shell is of high density and hence it is prone to

radiative cooling and Rayleigh-Taylor instability. At some stage this shell fragments due to

the instabilities, and facilitates the escape of freewind beneath it. This is when the transition

from asnow ploughto blow outphase is said to take place.

The free wind is discussed by many authors using the steady trans-sonic solutions (e.g.

Chevalier & Clegg, 1985). We can estimate a few parameters for the free wind. The ve-

locity of the free-wind can be obtained by equating the energy injection rate to the me-

chanical luminosity in the hot cavity, (1
2
Ṁv2 = Ė). Thus one obtains a velocityv ∼

(2Ė/Ṁ)1/2. Considering an extreme case with a high degree of energy injection we can

use,Ė ∼
(
fSN10

51 SFR
M⊙/yr

)
erg yr−1, wherefSN(≈ 10−2), is the fraction of SNe per unit
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Figure 1.5: Schematic of starbusrt/supernovae driven outflow. The supernovae explosions and the stellar winds
in star cluster drive a bubble of gas as shown in theleft panel. If the mechanical luminosity of starburst is large
enough the bubble breaks out of the plane of disk and fragments leaving a freewind behind as shown in the
right panel. The fragments of supershell constitute the colder phase and these are entrained in the free hot
wind. (Source of the figure is (Heckman et al., 1990). Credit for the figure to T. Heckman (JHU)

solar mass of star formation. Further by takingṀ ∼ SFR, we getv ∼ 103 km s−1 , which

is greater than the escape velocity of galaxy and can escape easily into the IGM.

Hydrodynamic simulations to capture the essentials of SN driven winds have been car-

ried out by several authors. Suchkov et al. (1994) simulatedthe effects of energy injection

and wind evolution using Eulerial code and confirmed the ideas presented in Heckman et al.

(2000). This calculation revealed features such as the initial blowout and the development

of free wind in which cold clouds were embedded. The soft X-ray emission, the neutral

emission were also reproduced (see also Strickland & Stevens (2000)). Mac Low & Ferrara

(1999) set up the hydrostatic distribution of gas in accordance with NFW dark matter gravity

and studied the conditions for blow out of gas from the galaxy, as a function of the mechan-

ical luminosity. In a simulation of outflows driven by SNe from disc galaxies, Dubois &

Teyssier (2008) found that the outflowing gas has to contend with infalling material from

halo, which inhibits the outflow for a few Gyr. Fujita et al. (2004) also studied outflows from

pre-formed disc galaxies in the presence of a cosmological infall of matter. In a recent sim-

ulation, Cooper et al. (2008) carried out a 3-D simulation ofgalactic outflows with radiative

cooling. These authors implemented the mass and energy injection due to SNe, at discrete

points in the galactic disc. They found that the outflow has conical structure with cold phase

filaments present throughout the hot superwind.

Let us turn to the observations of the colder phase observed in neutral lines in starburst

(see§1.3.2.2 ). To account for these observations, it is proposedthat the cold clouds are

formed as fragments of initial breakout of the free wind, dueto a combined effect of break-
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out and radiative cooling. Dynamics of these clouds is governed subsequently by the ram

pressure offered by the free wind in which these clouds are embedded. However this pic-

ture has met with difficulties in recent years. Absorption line studies of outflows suggest

a strong correlation between the cold/neutral outflow speedand the galaxy circular speed

thereby hinting at a driving mechanism which is more directly related to galaxy properties,

compared to the ram pressure driving discussed above where the existence of a strong wind

is essential. It has been shown that the models based on radiation pressure driving work

better in explaining this correlation compared to the ram pressure driving.

1.4.2 Outflows driven by galactic radiation

Apart from providing thermal energy the starbursts and SNe are sources of photons as well.

The radiation thus emerging from galaxy may cause the expulsion of material. The force

exerted by the photons on the gas depends on the mechanism of absorption or scattering

of photons. Photon to dust scattering opacity can be as largeas∼ 103 cm2 g−1, hence

the dust can easily be driven out of the galaxy as studied by Aguirre et al. (2001) in the

context of metal enrichment of IGM (see also Bianchi & Ferrara 2005). For stellar winds

from massive stars it is now generally expected that the massloss occurs via a mechanism

in which radiation acts on dust grain which in turn are coupled with the gas via physical or

coulomb collisions. Scoville (2003) used this combined dust and gas mass loss by radiation

driving in setting a maximum luminosity for star forming galaxies.

Murray et al. (2005) considered radiation driven dusty outflows from galaxies and pro-

posed a critical luminosity of galaxies based on an Eddington-type argument. Interestingly

their calculation showed that the observed correlation between the outflow speed and the

galaxy circular speed shown in Fig. 1.4, comes out naturallyin this case of radiation

driven outflows. We would like to discuss some basics of radiation driven outflows. Mur-

ray et al. (2005) assumed an isothermal distribution of total mass in the galaxy, given by

M(r) = 2σ2r/G, whereσ =
√

GMvir

2rvir
is the velocity dispersion. The time independent

dynamics of dust and gas mixture is governed by following equation,

v
dv

dr
=

κL

4πr2c
− 2σ2

r
(1.2)

whereL is the luminosity which may be due to SNe, stars and/or an AGN,κ is the opacity of

a dust-gas mixture. This equation can be integrated to obtain the following asymptotic wind

speed,

v∞ ≃ 2σ
√

ln(rvir/rb)

√
L

Lc
− 1 (1.3)
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whererb is the launching radius, andLc = [(8πσ2c rb/κ) ln(rvir/rb)], is the critical (Edding-

ton) luminosity required for driving the outflow. For a fixed value of the ratioL/Lc greater

than unity, we obtainv ∝ σ. Therefore, when the luminosity of the galaxy is greater than

the critical value (Lc), then the radiation force exceeds the gravity and mass outflow occurs.

The above calculation assumes that the outflowing gas is optically thin. However, similar

result is obtained for the optically thick case as well. For the dynamics of an optically thick

envelope, we can write,

Mg(r)v
dv

dr
=

L

c
−Mg(r)

2σ2

r
(1.4)

whereMg(r) is the mass distribution of the gas, which is related to the total mass distribution

through,Mg(r) = fgM(r), wherefg is the gas fraction. The above equation can be inte-

grated to yield once again the solution given in equation (1.3), withLc in optically thick case

defined asLc = (4fgc σ
4/G). Although the radiation driven model work well in accounting

for the observed correlations such as the proportionality of the outflow speed to the velocity

dispersion or the circular speed, however, it hinges upon the crucial parameter of opacity or

the cross section of interaction between photons and dust grains. For large dust scattering

opacity in UV, the radiation driving seems plausible. However, UV radiation may not survive

upto large distances in the galaxies. The dust grains reprocess the UV in IR and this is also

obvious in the spectral energy distribution of galaxies where the main part of starlight is in

IR bands. Recent simulations and radiation transfer calculation also highlight this where the

general outcome is that in normal galaxies UV luminosity is not enough for driving a large

scale outflow (e.g. Novak et al., 2012). However, there are still IR photons and, although the

cross section in IR is not as high as in UV, but a combination ofIR to dust scattering and the

enhanced IR luminosity due to the contribution from an AGN, may drive strong outflows.

We wish to take the reader through these calculations in detail, starting from driving by UV

photons in chapter 2 and then by IR photons in chapter 5 of thisthesis.

1.4.3 Cosmic ray driven outflows

The physics of cosmic ray driven outflows is based on the scattering of cosmic rays by the

Alfven waves, the so called ‘streaming instability’. Cosmic ray particles gyrate around the

magnetic field lines and undergo change in their pitch angle as they move. Relativistic cosmic

rays undergo a large reduction in velocities and finally end up drifting with the underlying

Alfven waves. Therefore the bulk velocity of the cosmic raysbecomes equal to the Alfven

wave velocity. The theoretical basis for the above mechanism had been worked out long ago

by (Wentzel, 1968; Kulsrud & Cesarsky, 1971; Skilling, 1975) . In the process the gas gain

energy and momentum and thus the coupled two phase medium consisting of cosmic rays
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and the gas can flow out as a galactic scale outflow. Ipavich (1975) worked out the relevant

fluid equations and discussed a steady large scale trans-sonic outflow from galaxies, where

cosmic rays supply the necessary energy and momentum. More sophisticated models for

cosmic rays driven winds were later worked out in which it wasshown that gas flow may exist

along the streamlines which are essentially the magnetic flux tubes emerging from galactic

plane and extending to large distances. (e.g. Breitschwerdt et al., 1991; Zirakashvili et al.,

1996). Recently, Samui et al. (2008) studied both hot and cool outflows from a realistic NFW

dark matter halo. Recent work on cosmic ray streaming show that the drift speed of cosmic

rays in case of high-β plasma, is proportional to the thermal or sound speed (Enßlin et al.,

2011, and references therein). Uhlig et al. (2012) implemented the physics of cosmic ray

streaming in SPH code GADGET and studied the outflows from galaxies (see also Jubelgas

et al., 2008). This study concluded that cosmic rays can drive the outflows from the low mass

(M ≤ 1012M⊙) halos.

1.4.4 AGN driven outflows

Observationally it has been hard to establish that outflows in galaxies would have been pow-

ered by AGN (Rupke et al., 2005a; Westmoquette et al., 2012).However, recent observa-

tions show compelling evidence for the AGN driving in galactic outflows (Sturm et al., 2011;

Rupke & Veilleux, 2011; Alexander et al., 2010; Morganti et al., 2007; Dunn et al., 2010;

Feruglio et al., 2010; Fu & Stockton, 2009; Villar-Martı́n et al., 2011).

AGN is a powerful source of radiation. The radiation from AGNcan scatter off the elec-

trons and can accelerate them to high velocities. The AGN canbe considered a point source

of radiation and gravity hence the force due to radiation andgravitation depend inversely

on the square of distance from the centre. The ratio of two forces is a constant and can be

written asΓ = κTL/(4πGM•c), whereκT is the Thomson scattering opacity,L is the AGN

luminosity andM• is the mass of the black hole. By settingΓ = 1, we can define a criti-

cal Eddington luminosity due to Thomson scattering (Ledd = 4πGM•c/κ) required to drive

the outflows. For a black hole of mass108 M⊙, the Eddington luminosity isLedd ∼ 1046

erg s−1. The AGN is situated deep inside a galaxy and its radius of gravitational influence

is more than three orders of magnitude smaller than the scaleheight in a galaxy. There-

fore the outflows due to Thomson scattering move freely on thescales of a few pc, after

which, they encounter the dense ISM. These fast nuclear outflows plough through the ISM

and drive compressed shells of gas. Apart from these fast nuclear winds the AGN can fuel

the dust(radiation) driven outflows, through scattering ofUV photons off the dust grains in

surrounding ISM (Murray et al., 2005). The UV to dust scattering cross section is roughly
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thousand times greater than the Thomson scattering cross section (Li & Draine, 2001). In-

terestingly, at a distance of a kpc from the AGN, the gravitational force will mainly be due

to bulge of the galaxy and therefore would be roughly a thousand times the gravity due to

central black hole, because of theM•–σ relation. This reveals an interesting fact, that if the

AGN is at the Eddington limit due to Thomson scattering then it would also be at the Ed-

dington limit set by dust to UV scattering. Therefore an Eddington limited AGN may drive

strong galactic scale outflows as well.

Many sophisticated models have been developed for AGN driven galactic outflows. Mur-

ray et al. (2005) proposed the existence of a critical luminosity for the AGN (or the galaxy)

necessary for the blow-out of all the available gas. The value of this critical luminosity de-

pends on the dust scattering opacity at UV. Everett & Murray (2007) studied Parker wind

from AGN occurring at scales of∼ 100 pc. Debuhr et al. (2012) carried out simulations

showing that the initial momentum injection and the fast outflow in the vicinity of hole may

shock the surrounding ISM and can result in a galaxy scale outflow. Whether the outflows

due to the AGN are energy or momentum conserving has been a topic of debate as well. Silk

& Nusser (2010) argued that energy driven outflows are not possible in the galactic bulges.

King et al. (2011) proposed that AGN outflows are momentum driven at small scales and

energy driven on larger scales. Faucher-Giguère & Quataert (2012) showed that the cooling

in the region, shocked by AGN radiation pressure, may not be effective and the outflows can

be energy conserving. McQuillin & McLaughlin (2012) studied the large scale motion of

momentum-conserving supershells from a dark matter halo. Recently, Novak et al. (2012)

carried out a radiation transfer calculation assessing theefficiency of various components of

AGN spectrum in driving outflows. This work showed that most of the UV flux is quickly

absorbed and re-radiated in IR. The IR radiation can drive a dusty outflow and may result in

mass loss much higher than the line driving mechanisms, on scales connecting the AGN and

host galaxy as shown by radiation hydrodynamic simulations(Dorodnitsyn et al., 2011).

1.5 Quasar absorption lines and outflows

We discuss here the absorption lines in the spectra of quasars and the nuclear winds from the

AGN, and thus provide the background for the work presented in chapter 6 of this thesis.

Absorption line systems in the quasar spectra come in a wide variety. There are ‘intrinsic’

systems which are classified as the broad absorption lines (BAL) with a large trough of

absorption (∆v ∼ 103–104 km s−1 ) which possibly arise due to an accretion disc continuous

wind, and the narrow absorption lines (NAL) with line widths(∼ 100 km s−1 ). Apart from

these, a vast majority of absorption systems such as CIV , Mg II and so on, are generally
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called the ‘intervening systems’ and these systems are seenblueward of the Lyα emission in

quasar spectra.

Out of these absorption systems the BAL systems are generally thought to arise in out-

flows launched from the accretion disc around the black hole.The AGN is a strong source

of radiation, and it likely produces radiation driven outflows, which may explain the BAL

region. Scoville & Norman (1995) proposed a dust radiation riven outflow emerging from

close quarters (∼ 1 pc) of the AGN. Later Murray et al. (1995) worked out a model ofline-

driven wind emerging from the accretion disc around the black hole in order to explain the

BAL regions. Recently, Dorodnitsyn et al. (2011) have shownthat IR driving of dust and gas

may cause the formation of outflowing dusty torus around the black hole.

The intervening MgII systems are thought to be formed due to gas in galaxies situated

in the line of sigh of a background quasar. In this scenario, the weak systems (equivalent

width< 1 Å) are thought to arise, when the lines of sight pass through the halos of galaxies.

These weak systems may be inflowing or outflowing with respectto the centre of the galaxy.

On the other hand, the strong systems (EW& 1 Å) may arise when the line of sight passes

through the disc of the galaxy. This notion of MgII arising in galaxies situated at cosmo-

logical distances from quasars has only been verified independently for less than 10 % of

the cases. Also, recent studies have found signatures of theassociation of these absorption

lines with the quasar itself (Bergeron et al., 2011). These facts indicate that, there may be

an alternative (intrinsic) origin of these MgII systems, where they may be outflows driven

by quasar radiation and approaching towards us with high terminal velocities∼ 0.1c, which

indeed is possible in dust-radiation driven wind scenario (e.g. Scoville & Norman, 1995).

Mg II absorption lines, Doppler shifted by a huge margin from quasar redshifts can easily

arise in these radiation driven outflows.

1.6 Open questions and motivations for this study

• The correlation between the wind velocity and the galaxy circular speed :

Simulations of galaxy formation show that momentum driven wind with wind speed

proportional to the circular speed of galaxy, reproduces the galaxy luminosity function

and IGM metallicity. Similar correlation is also seen in theobservations of cold neutral

outflows (see Fig 1.4). Theoretically the outflows from a discgalaxy, driven by the

radiation field of the luminous disc, are unexplored. This motivates us to study the

radiation driven wind from the disc.

• What drives the cold outflows : ram pressure or radiation pressure ?
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In the standard scenario of SNe/starburst driven outflow, itis generally thought that the

clumps forming cold phase of outflow, are dragged due to the ram pressure of the hot

phase. However, the observed correlation of cold wind speedand galaxy rotation speed

is better explained by only radiation driven wind scenario.However, the ram pressure

can not be neglected if the cold clumps are embedded in the hotflow. It therefore

becomes important to study the combined ram pressure and radiation pressure driven

outflows, which will determine the regime of galactic mass and SFR in which the ram

pressure is important and, the regime in which radiation pressure prevails.

• Observed high velocity outflows (v > 1000 km s−1 ) in AGN host galaxies :

Detection of AGNs in outflow hosting ULIRGs have been an active area of research

in recent years (e.g. Rupke et al., 2005a). Many of the ULIRGshost an AGN at their

centres. However, we are not sure whether AGNs have any role in driving outflows in

these galaxies. Recent studies reveal an interesting dividing line between AGN driv-

ing and pure starburst/SNe driving (Tremonti et al., 2007; Sturm et al., 2011). These

studies indicate, if the galaxies hosting an AGN have outflows then the speed of the

outflow exceeds1000 km s−1 . This interesting finding begs a theoretical explanation.

• Effect of gravity due to dark matter halo in quenching the outflows :

The hydrodynamical steady wind model of Chevalier & Clegg (1985) ignores grav-

itational force, which is justified for M82 and other dwarf starbursts where outflow

speeds are quite large than the galactic escape speeds. The effect of gravity have been

studied for cosmic ray driven outflows recently (Samui et al., 2008). However, there

have been no analytical extension of the steady hydrodynamic SNe driven wind model,

which includes the proper gravitational force of a dark matter halo. This motivates us

to construct analytic steady wind solution for a NFW dark matter halo, with energy

and mass injection from the SNe.

• Can reprocessed Infra Red (IR) radiation from AGN drive galaxy scale outflows ?

The UV radiation from galaxies can drive strong outflows in which photons are scat-

tered off the dust grains and inject momentum. The gas in turnis coupled with the

dust and can be propelled as an outflow (Murray et al., 2005; Sharma et al., 2011).

However, this idea has been questioned recently on the argument that the UV light is

heavily attenuated and reprocessed in IR and may not be available in amounts required

for driving. As for the driving due to IR, the opacity in IR is two orders of magnitude

smaller than in UV (Li & Draine, 2001), therefore, it is speculated that IR radiation is

not capable of driving outflows (Socrates & Sironi, 2013). However, this conclusion
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may change if one considers the enhanced IR luminosity due tothe presence of an

AGN. Quantitative estimates are needed to test these ideas.

• Mismatch between halo mass function and the galaxy luminosity function ‘aka’ depen-

dence of the stellar mass on halo mass :

This is the main cosmological motivation for studying galactic outflows. It is generally

believed that feedback plays an essential role in shaping the galaxy luminosity func-

tion. However, the semi-analytic models asses the amount offeedback through few

free parameters. How the galaxies produce this feedback (outflows), and the possible

dependence of outflow velocity and mass loss rate on galacticmass, are some of the

questions which are still under debate.

• Are all the MgII absorbers in quasar sightlines intervening?

Magnesium absorbers in quasar sightlines are thought to arise in galaxies falling in the

line of sight. The reason for considering these systems as intervening is the large ve-

locity offset (or equivalently the redshift difference) between the quasar emission line

and MgII absorption lines. However the dust radiation driven winds may accelerate to

velocities as large as∼ 0.1 c (Scoville & Norman, 1995). Therefore, it is worth con-

sidering the possibility that, many of the absorbers might originate in radiation driven

outflows from quasars. This idea can be explored by studying for correlation between

the velocity offset and the quasar luminosities.

1.7 Plan of the Thesis

In chapter 2, we study the dynamics of dusty outflows driven by radiation from the galaxy.

We consider the momentum injected by photons to dust grains which are coupled with the

gas and study the wind along the pole (z–axis) of the galaxy. We consider the gravitational

field due to bulge, disc and dark matter halo. We derive the conditions for escaping winds in

terms of the disc Eddington factor at the base (Γ0), which is the ratio of the force of radiation

to that due to gravity for a uniform disc. We find that for a constantΓ0, the outflow speed is

proportional to the circular speed (vc) of galaxies. We then calculate the expected value of

Γ0 for an instantaneous starburst and the calculate the corresponding outflow speed.

In chapter 3, we present 2-D numerical calculation in cylindrical co-ordinates to study

radiation driven wind. We consider the radiation force froma uniform density disc and from

a realistic exponential disc in this simulation. We explorethe 2-D structure of the wind and

rotation of the wind material.
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In chapter 4, we construct a ballistic outflow model for the motion of neutral clouds

above the plane of the galaxy. The dynamics of a cloud is studied as an interplay of the force

due to radiation and the combined gravity of disc, bulge and dark matter halo. We consider

the driving due to radiation from the disc (mediated by dust grains) and also ram pressure

force due to a hot continuous wind. The ram pressure is directly proportional to the mass loss

rate and hence to the SFR of the galaxy. We consider the radiation force due to a continuously

star forming disc, therefore, it also depends on the SFR. Thegravitational forces depend on

the mass of the galaxy and hence on the circular speed (vc). We then study the dynamics of

clouds in the parameter space of SFR andvc, which covers a wide range of galaxies in which

outflows are observed. We derive the critical value of SFR andvc, for producing outflows

and also explain theoretically the observational threshold of star formation surface density

required for galaxies to show outflows.

In chapter 5, we study hydrodynamic wind in which the energy and mass injection is

supplied by SNe and the momentum injection from an AGN, are both included in the same

framework. We then describe two modes of SNe energy injection which can be related to

the two modes of star formation in galaxies, aquiescentmode and astarburstmode. We

consider the momentum injection from IR radiation from the AGN. We derive an analytic

solution for this problem and calculate the wind velocity, gas density and temperature as

a function of distance from the centre. We find out the conditions for escape and calculate

asymptotic terminal speed of the wind. We quantify the galactic mass for which AGN should

be effective and the outflow speed in this case. We then derivethe scaling between the stellar

mass and the halo mass, based on an interplay between the infall, gas cooling, star formation

and mass loss.

In chapter 6, we report a correlation of the velocity offset (β) of Mg II absorption line in

the spectra of quasars and the bolometric luminosity of the quasar. It is believed that strong

Mg II absorbers in the quasar spectra arise due to intervening galaxies. However, these MgII

lines can also arise if the absorbers are the material outflowing with high velocity (∼ 0.1 c)

with respect to the quasar and moving toward the observer, sothat the origin of line shift will

then be due to the Doppler effect. In this scenario, if outflows are driven by radiation then a

correlation between the velocity offset of absorbers and the luminosity of quasar is expected.

We search for this correlation in SDSS data release 7 and report our findings.

We conclude and summarize our results in the lastchapter 7 of this thesis. At the end

we have included supplementary material as Appendices, including a calculation of cosmic

ray driven winds in Appendix G.
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Radiation Driven Wind from Disc Galaxy

Based on :

Sharma, M., Nath, B. B. & Schekinov, Y. 2011, ApJ, 736, L27
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Galactic outflows are important as a feedback process which shapes the observed properties
of galaxies like the stellar mass and metallicity. In the face of competing theories for out-
flows, cosmological simulations of galaxy formation indicate that momentum driven winds
in which the wind speed correlates with the circular speed ofthe galaxy, better reproduce
the observed galaxy luminosity function as well as the IGM metallicity. Such a correlation
is also reported in recent NaD and MgII line observations of outflows from a wide range
of galaxies. We consider outflows composed of dust and gas, which are driven by radiation
from a galactic disc and search for a theoretical answer to the question, as to why such a
correlation should exist.

Main Results

• We calculate the force of radiation and gravity from a flat disc. We define the ratio of
the force of radiation to that of gravity using a parameterΓ0.

• Using the scattering opacity for B-band light for a dust-gasmixture, we derive that a
minimum value ofΓ0 ∼ 3 is required to drive out the mass from a galaxy consisting
of disc, bulge and dark matter halo. We then solve for the speed of radiation driven
outflow from a dark matter halo and find that it weakly depends on the redshift given
that the dust content is maintained with redshift.

• We find that a maximum mass-to-light ratio of10−2 is required in order to have radia-
tion (dust) driven outflows from galaxy.

• Using the absolute B-band magnitude for instantaneous starburst model of STAR-
BURST99, we find the time evolution of luminosity and henceΓ0 and find that average
value ofΓ0 over the typical lifetime of starburst is∼ 4. Using this we find that the
terminal speed of outflow is roughly three times the galaxy circular speed (v∞ ≈ 3vc).
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2.1 Introduction

In the standard scenario of starburst/SNe driven outflows, the interstellar medium (ISM) of

the starburst galaxy is heated by SNe and the thermal pressure of the hot gas drives the

outflow of gas. Larson (1974) argued that SNe in a star forminggalaxy can drive an outflow

in excess of the escape speed from the galaxy (see also Dekel &Silk, 1986; Tomisaka &

Ikeuchi, 1988; Suchkov et al., 1994; Mac Low & Ferrara, 1999). This scenario, however,

has met with problems from new observations. Recent neutralline studies of cold outflows

(T ∼ 104 K) show that the maximum speed of outflowing gas is correlatedwith the star

formation rate (Martin, 2005). Observations of Lyman breakgalaxies (LBG) atz ∼ 3 have

also found a correlation between the outflow speed and the SFR, as well as with the reddening

due to dust. Also the SN explosions in disc galaxies may only produce a thickening of the

disc gas because of the incoherent nature of these explosions (Fragile et al., 2004). The

starbursts and SNe not only provide mechanical energy but they are also rich sources of

radiation. Moreover, disc galaxies have a plenty of dust present in their ISM and the photon-

to dust scattering opacity can be as high as103 cm2 g−1 (Draine, 2003). These facts indicate

that radiation pressure on ISM of galaxies may lead to galaxyscale winds.

Wind driving due to to radiation or the so called ‘momentum driving’ is less explored

compared to the standard SNe/starburst driving i.e. the energy driving. Murray et al. (2005)

explored the radiation driven outflows from galaxies and showed the existence of critical

luminosity of galaxy for driving shells and clouds of gas. Nath & Silk (2009) discussed a

hybrid model of outflows with radiation and thermal pressure. Recently, Zhang & Thompson

(2012) have calculated the dynamics of dust particles that are driven by radiation of disc

galaxies.

In this chapter, we study dust driven gaseous winds from luminous disc galaxies. We

calculate the force of radiation and gravity due to a flat (disc) system in§2.2. In §2.3, we

estimate the terminal speed of the combined gas and dust flow,taking into account the gravity

of the dark matter halo, apart from the disc forces . In§2.3.3 we calculate the disc mass-to-

light ratio that is expected from stellar population synthesis models. We use this mass to

light ratio to estimate the outflow speed and then compare ourresults with the observations

and cosmological simulations.

2.2 Radiation driven wind from a flat disc

Let us consider a disc of radiusRd, constant surface mass density (Σ) and surface brightness

(I). In cylindrical geometry, the force of gravitation, and that due to radiation, along the pole
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of disc, are given by,

fgrav(z) = 2πGΣ

∫
zRdR

(R2 + z2)3/2
, frad(z) =

2πκI

c

∫
z2RdR

(R2 + z2)2
, (2.1)

whereκ is the average opacity of dust grains to absorption and scattering of photons, and

the limit of integration is from0 to Rd. The ratio of the radiation force to the gravitational

force, which we call the Eddington ratio, increases with theheightz, beginning with a value

of Γ0 =
κI

2cGΣ
at the disc centre atz = 0. From energy conservation, it can be found that the

velocity at a heightz is,

v2z = 4πGΣRd

(
Γ0 tan

−1

(
z

Rd

)
− 1− z

Rd
+

√
1 +

z2

R2
d

)
. (2.2)

This would imply a terminal velocity ofv∞ ≈
√

4πGΣRd(πΓ0/2− 1), with a lower limit

on Γ0 ∼ 2/π for driving an outflow from the disc. Assuming a flat disc, withaverage

rotation speed of〈vc,disc〉 ∼ 1
2

√
πGΣRd, the terminal velocity can be written asv∞ =

4(
√

πΓ0

2
− 1)〈vc,disc〉, which yields a valuev∞ ≃ 3〈vc,disc〉, for Γ0 = 1. The above esti-

mate is based on the forces due to disc only. The galaxy, however contains a bulge and a

dark matter halo which is more massive than the disc. We set out to explore the outflow

dynamics by including all these components.

2.3 Gaseous outflows

We explore the dynamics of a steady wind in which dust is propelled outwards by radiation

pressure and drags the gas with it. We do not consider the magnetic fields and we assume a

perfect collisional coupling between the dust and the gas which is shown to hold in circum-

stances of cold wind (Murray et al., 2005). In the purview of dust-driven wind model, there

is a maximum temperature of the gas in which dust grains can survive for the duration of

the wind. We will show below that the characteristic time-scale of these winds is of order

10 Myr. The dust sputtering time-scale in a gas of temperatureT ∼ 106 K and densityn is

∼ 105.5(n/1 cm−3)−1 yr for a grain of size∼ 0.1µm, and it is∼ 300 times larger for a105

K gas (e.g. Tielens et al., 1994). For cold/warm winds considered here for which the typical

temperature is∼ 104 K, we can simply ignore the disruption processes.

Another fact which we would like to mention here is that, the Eddington ratio in this

problem is different from the one usually defined for a star orAGN. This is because of the

cylindrical geometry of this problem, due to which, theΓ varies withz. We thus calibrate

our results in terms of Eddington ratio at the base (Γ0) which is defined asΓ0 = κI/(2cGΣ).
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Also we emphasize thatΓ0 refers only to disc parameters andΓ0 = 1, does not signify

Eddington criteria or threshold luminosity for a galactic system which contains a bulge and

dark matter halo as well.

2.3.1 Disc, bulge and halo parameters

We consider a disc with constant surface density (Σ) and surface brightness (I), of radius

Rd, which engulfs a bulge and has a surrounding halo of dark matter. We assume a spherical

distribution of mass in the bulge and the halo. For the bulge,we assume a total mass ofMb

inside a radiusrb ≪ Rd.

We consider a Navarro-Frenk-White (NFW) dark matter halo (Navarro et al., 1996), with

total massMh. The halo is characterised by a concentration parameterc = rvir/rs. We fix

the total halo mass for a given disc mass (Md = πR2
dΣ), by using the ratioMh/Md ∼ 1/0.05,

as determined by Mo et al. (1998). We also use the disc exponential scale-length defined by

these authors to represent the size of disc (Rd) in this work. The rotation speed implied by

the NFW mass profile rises to a maximum value at a radiusR ≈ 2rs, and it is given by,

v2c = v2vir
c

2

ln(3)− 2/3

ln(1 + c)− c/1 + c
, (2.3)

wherevvir is the rotation speed at the virial radius. We choose this value of the maximum

rotation speed to represent thevc of the disc galaxy, since Figure 2 of Mo et al. (1998) shows

that the value ofvc from the flat part of the total rotation curve does not differ much from

the peak of the rotation curve from halo only. We also userb/Rd ∼ 0.1, andMb/Md ∼
0.5, consistent with observed range of luminosity ratio between bulge and disc (Binney &

Merrifield, 1998). We use radius of the bulge (rb) as the base (launching) point of the wind.

2.3.2 Wind terminal speed

To determine the terminal speed of the wind, we use the fact that the Bernoulli function is

preserved along a streamline, assuming that a streamline extends from the base to infinity. In

an isothermal wind the terminal speed tends to infinity as thewind maintains constant sound

speed. It is however more reasonable to assume a polytropic equation of state.

One can write the Bernoulli equation for a polytropic gas (with adiabatic indexγ = 5/3)

along a streamline along the pole :v2

2
+ c2s

γ−1
+Φ = E, wherecs is the sound speed,Φ is the

potential andE is a constant. Equating the values at the base and infinity, weget

v2∞
2

+
c2s,∞
γ − 1

+ Φ∞ =
v2b
2

+
c2s,b
γ − 1

+ Φb , (2.4)
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wherevb is the wind speed at the base (z = 0), cs,b is the sound speed at the base, andcs,∞ is

the sound speed at infinity, which is negligible.

Φ = −2πGΣRdΓ0 tan
−1(z/Rd) + 2πGΣRd

(
z

Rd

−
√

1 +
z2

R2
d

)

−GMb

r
− GMs

rs

ln(1 + r/rs)

r/rs
. (2.5)

wherer =
√
R2 + z2 andMs = Mh/(ln(1 + c) − c/(1 + c)). In the above equation, the

first term denotes a pseudo-potential due to radiation pressure. The second term refers to

the gravitational potential of the disc. The last two terms represent the effect of the bulge

and halo gravity. We have also assumed that the bulge exerts anegligible radiation pressure,

since the dominant bulge stellar population is old and red and the mean opacityκ of dust

grains in these wavelengths is smaller than in blue band.

We note that the values of the potential at the base and infinity are as follows,

Φb = −2πGΣRd −
GMb

rb
− GMs

rs

[
ln(1 + rb/rs)

rb/rs

]

Φ∞ = −2πGΣRd

(Γ0π

2

)
. (2.6)

The radiation pseudo-potential is zero at the base but∼ 2πGΣRd(
Γ0π
2
) at infinity along the

pole. Since the dark matter halo is truncated atrvir, its potential vanishes at infinity.

It is reasonable to assume that the wind speed at the base is comparable to the sound speed

in the disc (vb ∼ cs,b). Putting it all in equation (2.4), we have the following expression for

the terminal speed,

v2∞ =
[γ + 1

γ − 1
c2s,b + 2πΓ0

GMd

Rd

]

−
[4GMd

Rd
+

2GMb

rb
+

2GMs ln(1 + rb/rs)

rb

]
. (2.7)

In Figure 2.1 we have shown the dependence ofv∞/vc on Γ0, and on the concentration

parameterc. We have usedcs,b = 0, as for the cold/warm (T ∼ 104 K) outflows considered

here, the sound speed will have a negligible effect on wind dynamics. We note here that,

although the sound speed makes a small difference in the terminal speed, it helps establishing

a quasi-steady regime in the outflow by redistributing the pressure over the whole flow. The

curves in Figure 2.1, show that there is a minimum value ofΓ0 ∼ 3 for the wind to reach

infinity. In general the wind speeds are lower for largerc (dashed curve), which is the case

of low-mass and more compact galaxies, but the variation is small. It is interesting to note
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Figure 2.1: The ratio betweenv∞ andvc is shown as a function ofΓ0 for galaxies with two different concen-
tration parameterc, for cold gaseous outflow.

here that the wind requiresΓ0 > 1.

We next use a relation between the concentration parameterc and galactic mass given

by Macciò et al. (2007), and calculate the wind speed for galaxies with different masses,

or rotation speeds. One can extend the calculations to higher redshift by using the scaling

c ∝ (1 + z)−1. We useΩ0 = 0.27, h = 0.7, and calculate the NFW parameters for the

Λ-cosmology. Figure 2.2 shows the results forv∞/vc as a function ofΓ0 for differentvc, at

z = 0 and atz = 6. The curves show that thev∞/vc depends mostly onΓ0 and varies weakly

with rotation speed and redshift. We next explore the question what determines the value of

Γ0 which is a crucial parameter for the wind dynamics.

2.3.3 Evolution of wind speed with time

We recall that the value ofΓ0 depends on disc parameters (Σ, I) and dust grain properties

(throughκ). Consider first the value ofΣ/I that is essentially the disc mass-to-light ratio.

One can compare the observed values of mass-to-light ratio with the minimum requirement

as derived above. Li & Draine (2001) give the mean opacity forgas mixed with dust as

∼ 128 cm2 g−1 in U and∼ 93 cm2 g−1 in the B band. Here we shall consider the B band

value as a conservative estimate. This gives us a maximum value of disc mass-to-light ratio

required for the outflow to occur, given byM/L ∼ κ/(2cGΓ0). The maximum value thus

required is (M/M⊙)
(LB/LB,⊙)

≡ ΥB ∼ 10−2.

This critical limit on discΥB for the galaxy to have winds, is much lower than the

observed values in present day disc galaxies. The Milky Way disc has a local value of
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Figure 2.2: The ratio betweenv∞ andvc is shown as a function ofΓ0 for galaxies with differentvc at two
different redshifts.

ΥB ∼ 1.2 ± 0.2 (Flynn et al., 2006), and the typical value for disc galaxiesis 1.5 ± 0.4

(Fukugita et al., 1998). We note that according to Flynn et al. (2006), a third of the total

disc mass comes from gas and the rest from stars. Starburst galaxies can have a much lower

value ofΥB. The estimatedM/Lbol for NGC 7714 is∼ 0.02 (Bernloehr, 1993a), for regions

in NGC 520 it is∼ 0.003 (Bernloehr, 1993b), and for a young super cluster in M82, Smith

& Gallagher (2001) has estimated theΥV ∼ 0.02. These low values ofΥ are believed to

arise from a top heavy IMF and young age of the stellar population, comparing with the pre-

dictions from population synthesis models (e.g. Kotilainen et al., 2001; Smith & Gallagher,

2001).

For an instantaneous burst, suitable for starburst galaxies, these models predict an initial

period of roughly constant luminosity fort ≤ 3 Myr followed by abrupt behaviour and

then decrease in the luminosity afterwards (Leitherer et al., 1999; Bruzual & Charlot, 2003;

Vázquez & Leitherer, 2005). For a Salpeter IMF and a stellarmass-luminosity relation of the

typeL ∝ Mβ , the late-time decay of the luminosity is given byL ∝ t−(β−1.35)/(β−1)(∝ t−0.9,

for β = 3.5). The initial period of rather constant luminosity stems from the fact that while

low-mass stars are yet to collapse, the massive stars evolvequickly, and the duration of this

period corresponds to the main-sequence life-time of the most massive stars.

Using these models we determine the expected discΥB ratio as a function of time after

an instantaneous starburst. Using the results from STARBURST99 (Leitherer et al., 1999),

for solar metallicity and a Salpeter IMF between0.1 and100 M⊙, and usingMB,⊙ = 5.45,

we have calculated theΥB as a function of time. Using the mean dust opacity for B band,
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Figure 2.3: The evolution ofΓ0 with time is plotted using a solid line. The dashed line represents the minimum
value ofΓ0 required to have a non-zero wind terminal speed.

we calculated the time evolution ofΓ0. We have plotted theΓ0 as a function of time after

the starburst in Figure 2.3. We have also shown the minimum value ofΓ0 ≈ 3 required for

having non-zero wind terminal speed using a dashed line. We find that for a period of10

Myr, Γ0 stays above the critical value. Time averaged value ofΓ0 over a period of 10 Myr is

≈ 4.2, therefore the galaxy can host a wind for a time of 10 Myr. In this time the wind should

be propelled to roughly∼ 7 kpc. A typical starburst lasts for∼ 10 Myr, which implies that,

if roughly after this time the old generation of starbursts is replaced by the new, then the

starburst galaxies should be able to maintain an averageΓ̃0 ∼ 4 for a long time. Using this

value, we find the wind terminal speed as a function of galaxy circular speed using equation

(2.7). In Figure 2.4, we have plotted the terminal speed for galaxies at redshiftsz = 0, 2, 4

and6, using black, red, green and blue lines respectively. From these curves one can infer

the result thatv∞ ∝ vc. There is a mild flattening for higher redshifts indicating aslope

slightly lower than unity, which is due to the dependence of halo concentration parameter on

halo mass and redshift.

In Figure 2.4 we also find that the terminal wind speed is roughly three times the circular

speed of the galaxy (v∞ ≈ 3vc). This result can be compared with the observed range of

maximum wind speed. Martin (2005) found that the maximum speed of clouds embedded in

outflowing gas ranges between2–3 vc and Rupke et al. (2005b) found a range of[0.67–3] vc.

Figure 2.2 and 2.4 also show that the wind speed is somewhat smaller at high redshift. The

reason is that the galactic mass for a givenvc is smaller at high redshift, butc ∝ M−0.2 (1 +

z)−1, and the mass effect outweighs the redshift effect. However, the variation ofv∞/vc
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Figure 2.4: The terminal wind speed is plotted against galaxy circular speed for redshiftsz = 0, 2, 4 and6.
We have used an averageΓ̃0 ≈ 4.2.

with redshift is expected to be small in this model, much smaller than those caused by other

parameters, such as the IMF or frequency of starbursts.

2.4 Discussions

Figure 2.4 shows that dust-driven winds are likely to have a terminal speed,v∞ ≈ 3vc, for

a combination of reasons that involve stellar physics and the relation between disc and halo

parameters. It is interesting that this result coincides with observations.The strength of our

approach lies in the fact that the terminal speed calculatedusing the Bernoulli function is

independent of the streamline used by the gas,as long asstreamlines do extend to infinity,

which is our basic assumption. Below we discuss a few implications.

In the scenario of energy driven winds, the IGM is believed tobe enriched by winds from

dwarf galaxies, since they were numerous in the early universe (Silk et al., 1987; Nath &

Trentham, 1997; Ferrara et al., 2000; Cen & Bryan, 2001; Madau et al., 2001; Aguirre et al.,

2001). However, in the case of dust-driven winds, the importance of low-mass galaxies in

IGM enrichment should diminish because of the correlationv∞ ∝ vc. Our calculations

here show that the wind speed depends strongly on the time elapsed after a starburst, or

more generally on the star formation history and parameters. It is believed that the IMF is

weighted towards massive stars at high redshift (Schneider& Omukai, 2010), in which case

the wind speed likely increases with redshift. In this case the contribution of dwarf galaxies

at high redshift may still be important.
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Recent simulations for IGM enrichment including momentum driven winds have used the

ansatzv∞ ∼ 3vc (Oppenheimer & Davé, 2006). It has been suggested that the momentum

driven winds drive a feedback loop that results inv∞ ∝ vc (Martin, 2005; Murray et al.,

2005). Our calculations show that such dust-driven winds are possible from disc galaxies

certainly for a period of∼ 10 Myr after a starburst, and the outflow may continue for long

time if the rate of occurrence of starbursts is large. Since the wind speed depends strongly on

the value of discΥ, which depends on the IMF (being smaller for a top-heavy IMF), the wind

speed is expected to be larger for a IMF skewed towards massive stars. The implications

needs to be studied with numerical simulations using modified prescriptions for the wind

speed. It is possible that this put constraints on the metallicity of the wind gas. In addition,

as the dust opacity is proportional to the metallicity,κ ∝ Z, the existence of a thresholdΓ0

needed for the wind to reach infinity suggests that only metal-rich galaxies can enrich IGM.

We note that our calculation does not determine streamlines, without which we cannot

calculate the density structure in the wind, and therefore cannot derive the mass loss rate.

In the case of single scattering, the maximum mass loss rate is Ṁ ∼ L/(v∞c) (Murray

et al., 2005). This recovers the scaling thatṀ ∝ v−1
c adopted by numerical simulations

(Oppenheimer & Davé, 2006). Taking our results into account, the mass loss rate for a given

luminosity is expected to be lower at high redshift, becauseof the possible rise ofv∞ with z

arising from IMF evolution.

In summary, we have shown that the terminal speed (v∞) correlates with the galaxy

circular speed for radiation driven outflows from disc galaxies. We have found that, for an

instantaneous starburst model, the terminal speed isv∞ ≈ 3vc, which results due to the high

value of disc luminosity to mass ratio. The terminal speed arises as a result of various factors

such as the photon output from instantaneous burst of stars and the gravitational force of the

disc, bulge and dark matter halo. We have shown that dust-driven winds from disc galaxies

occur for a time-scale of∼ 10 Myr of a starburst, after which the luminosity becomes low

and the radiation pressure on dust is unable to drive outflows. If the galaxy has a high rate of

occurrence of starbursts, then the winds can be sustained for a long time.
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Radiation pressure on dust grains is an important mechanismto drive large scale outflows.
Recent theoretical modelling focuses on one dimensional calculations to determine the re-
quirement on luminosity and possibility of such outflows from starburst galaxies (Murray
et al., 2005; Sharma et al., 2011). However, the 3D structureof the outflow is yet unex-
plored. Also the work presented in previous chapter considers a disc with uniform surface
density and uniform brightness for analytical simplicity.In reality the mass and light distri-
bution in a disc galaxy is better represented by an exponential. In this chapter we model the
outflow from an exponential disc using 2D simulations in cylindrical geometry. We explore
the structure and rotation of the wind material.

Main Results

• We compute the force of radiation and gravity at a given pointdue to a disc with
uniform and exponential distribution of mass and light in the disc plane.

• We find that for non-rotating outflow from a uniform density disc there is radial inflow
of matter from the outskirts of the galaxy. The wind formed isconical in shape. The
wind cone initially diverges but later its area of cross section becomes constant.

• For a disc with exponential distribution of mass and brightness, the non-rotating wind
has a conical shape with half cone angle of roughly∼ 30◦. Compared to the case of
uniform density disc, there is no significant radial inflow ofgas lifted from outskirts of
disc.

• We then model a rotating wind from an exponential disc. The radial inflow is now
absent as the centrifugal force compensates for the inward pull of gravity. The resulting
outflow is of conical shape. Apart from the central cone region there is significant mass
loss from the outskirts of the disc as well. The outflow becomes steady roughly after
∼ 50 Myr.

• The rotation speed of the gas in the wind cone is within100 km s−1 . Thus the main
wind cone is slowly rotating which is consistent with observations.

• The value of disc Eddington parameter required to drive the outflow isΓ0 & 1.5. This
is smaller then the one found in 1D analytical calculations,which can be understood
as the mass and light distribution in the disc is exponentialand the wind is rotating
therefore there is an additional centrifugal force which acts against gravity. Also the
extent of the wind in this simulation is only10 kpc, therefore this condition ofΓ0 is
for driving outflows upto∼ 10 kpc.
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3.1 Introduction

In this chapter, we study the effect of radiation pressure indriving cold and/or warm gas

outflows from disc galaxies with 2D numerical simulations and explore the structure of these

winds. In the previous chapter, we calculated the terminal speed of such a flow along the pole

of a disc galaxy, taking into account the gravity of disc, stellar bulge and dark matter halo. We

determined the minimum luminosity to drive a wind, and also found that the terminal speed

is approximately3vc (wherevc is the rotation speed of the disc galaxy), consistent with

observations (Rupke et al., 2005b), and the ansatz used by numerical simulations in order

to explain the metal enrichment of the IGM (Oppenheimer & Davé, 2006). We investigate

further the spatial structure and off-axis dynamics of a radiation driven outflow. Rotation is

an additional aspect of the winds that we address in our simulation. As the wind material

is lifted from a rotating disc, it likely rotates as seen in observations as well (Greve, 2004;

Sofue et al., 1992; Seaquist & Clark, 2001; Westmoquette et al., 2009).

Previous simulations of galactic outflows have considered the driving force of a hot ISM

energized by the effects of SNe (Tomisaka & Bregman, 1993; Suchkov et al., 1994; Mac

Low & Ferrara, 1999; Strickland & Stevens, 2000; Fragile et al., 2004; Fujita et al., 2004;

Cooper et al., 2008; Fujita et al., 2009). However, the details of a radiatively driven galactic

outflows is yet to be studied with a simulation. In this chapter, we study the dynamics of

an irradiated gas above an axisymmetric disc galaxy by usinghydrodynamical simulation.

Recently, Hopkins et al. (2012) have explored the relative roles of radiation and SNe heating

in driving galactic outflows, and studied the effect of feedback on the star formation history

of the galaxy. Our goal here is different in the sense that we focus on the structure and dy-

namics and the rotation of the wind. We begin with a constant density and surface brightness

disc; afterwords, we implement the radial surface density and brightness profile and finally

introduce rotation of the disc, in order to understand the effect of each factor in detail sep-

arately. In§3.2, we evaluate the force of radiation and gravity above theplane of a disc. In

§3.3, we describe the numerical method and simulation set-up. We present our simulations

and results in§3.4 and discuss our findings in§3.5.

3.2 Gravitational and radiation fields

The main driving force is radiation force and the containingforce is due to gravity. We take

the system to be composed of three components disc, bulge andthe dark matter halo. We

describe the forces due to these three constituents below. We take a thin galactic disc and a

spherical bulge. All these forces are given in cylindrical coordinates because we solve the
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fluid equations in cylindrical geometry.

3.2.1 Gravitational field due to a disc

Consider a thin axisymmetric disc inR–φ plane with surface mass densityΣ(R). As derived

in the Appendix F, the vertical and radial components of gravity due to the disc material at a

pointQ above the disc with coordinates(R, 0, z), are given by

fdisc,z =

∫

φ′

∫

R′

dφ′ dR′ zGΣ(R′) R′

[R2 + z2 +R′2 − 2RR′cosφ′]3/2

fdisc,R =

∫

φ′

∫

R′

dφ′ dR′ (r − R′cosφ′) GΣ(R′) R′

[R2 + z2 +R′2 − 2RR′cosφ′]3/2
(3.1)

The azimuthal coordinate ofQ is taken to be zero, because of axisymmetry. The integration

limit for φ′ = 0 to 2π.

We consider two types of disc in our simulations, one with uniform surface mass density

and radiusRd, which we call UD, and another with an exponential distribution of surface

mass density with a scale radiusRs and we call it ED. The surface mass density of uniform

surface density disc (UD) is,

Σ = Σ0 = constant (3.2)

and in the case of a disc with exponentially falling density distribution (ED)

Σ = Σ̃0exp(−R′/Rs), Rs ≡ scale length. (3.3)

In case of UD (equation 3.2), the integration limit would be,R′ = 0 to Rd, while for ED

(equation 3.3), the limits of the integration run fromR′ = 0 to ∞. Numerically this means,

we integrate up to a large number, increasing which will not change the gravitational field

by any significant amount. We have normalized theΣs in such a way that the total disc mass

remains same for both UD and ED. Therefore,

Σ̃0 =
Σ0

2

(
Rd

Rs

)2

. (3.4)

In Figure 3.1, we plot the contours of gravitational field strength and its direction vectors

due to a UD (left panel), and that for the ED (right panel). Interestingly, discs with same

mass but different surface density distributions, producedifferent gravitational fields. For

the UD the gravitational field is non-spherical and it is maximum at the edge of the disc. On

the other hand, the field due to ED is closer to spherical configuration with the maximum
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Figure 3.1: Magnitude of gravitational force of the (a) uniform disc (UD) (b) exponential disc (ED) in colours
with direction in arrows. Values are in the units ofGΣ0(= 4.5× 10−9) dyne.

being closer to the centre of the disc and falling off outwards.

3.2.2 Bulge and the dark matter halo

We consider a bulge with a spherical mass distribution and constant density, with massMb

and radiusrb. The radiation force due to the bulge is negligible as it mostly hosts the old

stars. The gravitational force of the bulge is given by

fbulge,R =






−GMbR
r3b

if r < rb

−GMbR
r3

otherwise

(3.5)

fbulge,z =






−GMbz
r3b

, if r < rb

−GMbz
r3

, otherwise

(3.6)

wherer =
√
R2 + z2.

We consider a NFW halo with a scaling with disc mass as given byMo et al. (1998),

where the total halo mass is∼ 20 times the total disc mass. The mass of an NFW halo has

the following functional dependence onr,

M(r) = 4πρcritδ0r
3
s

[
ln (1 + cx)− cx

1 + cx

]
(3.7)

wherex = r
rvir

, c = rvir
rs

, δ0 = 200
3

c3

ln(1+c)−c/(1+c)
. Hereρcrit is the critical density of the

universe at present epoch,rs is scale radius of NFW halo andrvir is the limiting radius of
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virialized halo within which the average density is 200ρcrit. This mass distribution corre-

sponds to the following potential,

ΦNFW = −4πρcritδ0r
3
s

[
ln (1 + r/rs)/r

]
(3.8)

The gravitational force due to the dark matter halo is therefore given by,

fhalo,R = −∂ΦNFW

∂R
= − R GM(r)

(R2 + z2)3/2
;

fhalo,z = −∂ΦNFW

∂z
= − z GM(r)

(R2 + z2)3/2
. (3.9)

The net gravitational acceleration is therefore given by

Fgrav,R = fdisc,R + fbulge,R + fhalo,R = GΣ0fg,R(R, z) (3.10)

Fgrav,z = fdisc,z + fbulge,z + fhalo,z = GΣ0fg,z(R, z) .

The gravitational field for both bulge and halo is spherical in nature, although, that due to

the bulge maximises atrb. However, the net gravitational field will depend on the relative

strength of the three components. In Figure 3.2 (left panel), we plot the contours of total

gravitational field strength due to the bulge, the halo and a UD. The non-spherical nature of

the gravitational field is evident. A more interesting feature appears due to the bulge gravity.

The net gravitational intensity maximizes in a spherical shell of radiusrb(= 0.2Lref , where

Lref is the unit of length in our simulation (see§3.3.1). Therefore, there is a possibility of

piling up of outflowing matter at around a heightz ∼ rb near the axis. In the right panel of

Figure 3.2, we present the contours of net gravitational field due to an exponential disc, a

halo and a bulge.

3.2.3 Radiation from disc and the Eddington factor

We treat the force due to radiation pressure as it interacts with charged dust particles that are

assumed to be strongly coupled to gas by Coulomb interactions and which drags the gas with

it. The strength of the interaction is parameterized by the dust opacityκ.

Gravitational pull on the field pointQ(R, z) due to the disc pointP (R′, φ′, 0) is along the

direction
−→
QP (see Appendix F). The difference in computing the radiationforce arises due to

the fact that one needs to account for the projection of the intensity atQ (for radiation force

from more complicated disc, see Chattopadhyay (2005)). Fora disc with surface brightness

I(R), we can find the radiation force by replacingGΣ(R′) in equation (3.1) byI(R′)κ/c,

and take into account the projection factorz/
√

R2 + z2 +R′2 − 2RR′ cos φ′. Similar to the
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Figure 3.2: Total gravitational force due to contribution from bulge, halo and (a) uniform disc (b) exponential
disc in colors with direction shown by arrows. The values arein the same units as in Figure 3.1.

disc gravity, the net radiation force
−→
F rad at any point will have the radial component (Frad,R)

and the axial component (Frad,z), which are given by,

Frad,R(R, z) =
κz

c

∫ ∫
dφ′dR′I(R′)(R−R′cosφ′) R′

[R2 + z2 +R′2 − 2rR′cosφ′]2
(3.11)

=
κI0
c

frad,R(R, z)

Frad,z(R, z) =
κz2

c

∫ ∫
dφ′dR′I(R′)R′

[R2 + z2 +R′2 − 2RR′cosφ′]2
(3.12)

=
κI0
c

frad,z(R, z)

Since we have two models for disc gravity, we also consider two forms of disc surface bright-

ness.

I = I0 = constant, for UD (3.13)

and

I = Ĩ0exp(−R′/Rs), for ED (3.14)

If the two disc types are to be compared for identical luminosity, then one finds

Ĩ0 =
I0
2

(
Rd

Rs

)2

. (3.15)

The disc Eddington factor is defined as the ratio of the radiation force and the gravitational

force. In spherical geometry this factor is generally constant at each point because both
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Figure 3.3: Magnitude of force due to radiation from the (a) uniform disc, (b) exponential disc forΓ0 = 0.5,
with arrows for direction.

gravity and radiation has an inverse square dependence on distance. Although in the case of

a disc, the two forces have different behaviour, we can stilldefine an Eddington parameter

asΓ = Frad

Fgrav
. In this case this parameter depends on the coordinatesR, φ, z of the position

under consideration. The Eddington factor at the centre of the disc can be given by,

Γ0 =
κI

2cGΣ
. (3.16)

If Γ0 = 1, then the radiation and gravity of the disc will cancel each other at the centre of the

disc. We will parameterize our results in terms ofΓ0. Therefore, the components of the net

external force due to gravity and radiation is given by

RR = −Fgrav,R + Frad,R = −GΣ0 (fg,R + 2Γ0frad,R) (3.17)

Rz = −Fgrav,z + Frad,z = −GΣ0 (fg,z + 2Γ0frad,z)

In Figure 3.3, we plot the contours of radiative acceleration from UD, and the same from

an ED. There is a significant difference between the radiation field above ED and that above

the UD. While the radiation field from UD is largely vertical for small radii, but starts to

diverge at the disc edge, atR = Rd. One can therefore expect that for high enough surface

brightness (I), the wind trajectory will diverge. In case of ED, the radiation field above the

inner portion of the disc is strong and decreases rapidly towards the outer disc.

3.3 Numerical method

The hydrodynamic equations have been solved in this paper byusing the TVD (i.e. Total

Variation Diminishing) code, which has been quite exhaustively used in cosmological and
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accretion disc simulations (Ryu et al., 1993; Kang et al., 1994; Ryu et al., 1995; Molteni et al.,

1996) and is based on a scheme originally developed by Harten(1983). We have solved the

equations in cylindrical geometry in view of the axial symmetry of the problem. This code

is based on an explicit, second order accurate scheme, and isobtained by first modifying

the flux function and then applying a non-oscillatory first order accurate scheme to obtain a

resulting second order accuracy (see Harten (1983) and Ryu et al. (1993) for details). The

equations of motion which are being solved numerically in the non-dimensional form are

given by,

∂q

∂t
+

1

R

∂(RF1)

∂R
+

∂F2

∂R
+

∂G

∂z
= S (3.18)

where, the state vector is,

q =




ρ

ρ vR

ρ vφ

ρ vz

E




, (3.19)

and the fluxes are,

F1 =




ρ vR

ρ v2R
ρvRvφ

ρvzvR

(E + p)vR




, F2 =




0

p

0

0

0




, G =




ρvz

ρvRvz

ρvφvz

ρv2z + p

(E + p)vz




(3.20)

and the source function is given by,

S =




0
ρv2φ
R

− ρRr

−ρvRvφ
R

−ρRz

−ρ[vRRR + vzRz)




(3.21)

3.3.1 Initial and boundary conditions

We do not include the disc in our simulations and only consider the effect of disc radiation

and total gravity on the gas being injected from the disc. We choose the disc mass to be

Md = 1011 M⊙ and assume it to be the unit of mass (Mref). We takeRd = 10 kpc as the unit
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of length (Lref), andvc = 200 km s−1 as the unit of velocity (vref). Therefore, the unit of

time istref = 48.8 Myr. We introduce a normalization parameterξ such thatGMd/v
2
c = ξrd,

which turns out to beξ ≈ 1.08. Hence the unit of density isρref = 6.77×10−24g cm−3

(∼ 4mp cm−3). All the flow variables have been made non-dimensional by the choice of unit

system mentioned above.

It is important to choose an appropriate initial condition to study the relevant physical

phenomenon. We note that previous simulations of galactic outflows have considered a va-

riety of gravitational potential and initial ISM configurations. For example, Cooper et al.

(2008) considered the potential of a spherical stellar bulge and a flat disc potential, but no

dark matter halo, and the initial gas distribution stratified in z-direction with an effective

sound speed that is∼ 5 times the normal gas sound speed. Suchkov et al. (1994) considered

the potential of a spherical bulge and a dark matter halo and an initial gas configuration that

is spherically stratified. Fragile et al. (2004) considereda spherical halo and az-stratified

gas distribution. In a recent simulation of outflows driven by SNe from disc galaxies, Dubois

& Teyssier (2008) found that the outflowing gas has to contendwith infalling material from

halo, which inhibits the outflow for a few Gyr. Fujita et al. (2004) also studied outflows from

pre-formed disc galaxies in the presence of a cosmological infall of matter.

We choose az-stratified gas to fill the simulation box, with a scale heightof 100 pc. For

the M2 and M3 case (of exponential disc), we also assume a radial profile for the initial gas,

with a scale length of5 kpc. For the M3 case, we further assume this gas to rotate withvφ

decreasing with a scale height of5 kpc. These values are consistent with the observations

of the warm neutral gas (T ∼ 104 K) in Milky Way (Dickey & Lockman, 1990; Savage

et al., 1997). We note that although the scale height for the warm neutral gas in our Galaxy

is ∼ 400 pc at the solar vicinity, this is expected to be smaller in thecentral region because

of strong gravity due to bulge. The density of the gas just above the disc is assumed to be

0.1 particles /cc (0.025 in simulation units). Furthermore, the adiabatic index of the gas is

5/3 and the gas is assumed initially to be at the same temperaturecorresponding to an initial

sound speedcs,ini = 0.1vref , a value which is consistent with the values in our Galaxy forthe

warm ionized gas with sound speed∼ 18 km s−1.

Our computation domain isRd × Rd in theR − z plane, with a resolution512 × 512

cells. The size of individual computational cell is∼ 20 pc. We have imposed reflective

boundary condition around the axis and zero rotational velocity on the axis. Continuous

boundary conditions are imposed atR = Rd andz = Rd. The lower boundary is slightly

above the galactic disc with an offsetz0 = 0.01. We impose fixed boundary condition at

lower z boundary. The velocity of the injected matter isvz(R, z0) = v0 = 10−5vref , and its
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Figure 3.4: Rotation curves corresponding to the gravitational fields of an exponential disc, bulge and halo are
shown here in the units ofvref [= 200 km s−1], along with the total rotation curve. The approximation used in
our simulation is shown by thick red line.

density is given by,

ρ(R, z0) = ρz0 , for UD (3.22)

= ρz0exp

(
− R

Rs

)
, for ED .

The density of the injected matter at the baseρz0 = 0.025 in simulation units (corresponds

to 0.1mp/cc).

For the case of exponential disc with rotation (M3), we assume for the injected matter

to have an angular momentum corresponding to an equilibriumrotation profile. We show in

Figure 3.4 the rotation curves atz = 0 for all components (disc, bulge and halo) separately

and the total rotation curve. We use the following approximation (shown by thick red line in

Figure 3.4) which matches the total rotation curve,

vφ(R, z0) = 1.6 vc [1− exp(−R/0.15Rd)] . (3.23)

We assume a bulge of massMb = 0.1Mref and radiusrb = 0.2Lref . The scale radius

for NFW halo (rs) is determined for a halo massMh = 20Md, as prescribed by Mo et al.

(1998). The corresponding disc scale radius is found to beRs ∼ 5.8 kpc, again using Mo

et al. (1998) prescriptions. Therefore, we set the disc scale length for the ED case to be

Rs ∼ 0.58Lref .

The above initial conditions have been chosen to satisfy thefollowing requirements in

order to sustain a radiatively driven wind as simulated here.
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Table 3.1: Models.

Model name Γ0 vφ Disc type

M1 2.0 0.0 UD
M2 2.0 0.0 ED
M3 2.0 1.0 ED

1. The strong coupling between dust grains and gas particlesrequire that there are of

order∼ md/mp number of collisions between protons and dust grains of massmd ∼
10−14 g, for sizea ∼ 0.1µm with density∼ 3g cm−3. To ensure sufficient number of

collisions, the number density of gas particles should ben ≥ md

mp

1
πa2

1
Lref

∼ 10−3 cm−3,

for Lref = 10 kpc.

2. The time scale for radiative cooling of the gas, assumed tobe atT ∼ 104 K, is tcool ∼
1.5kT
nΛ

, whereΛ ∼ 10−23 erg cm3 s−1 (Sutherland & Dopita 1993; Table 6) for solar

metallicity. The typical density filling up the wind cone in the realistic case (M3) is

∼ 10−3–10−4 cm−3, which givestcool ∼ 8–80 Myr and the dynamical time scale of

the wind istref ∼ 50 Myr. Hence, radiative cooling seems marginally important and

will be addressed in future. In this regard, we also note thatthe growth rate of thermal

instability is likely suppressed for diverging galactic wind (Ferrara & Einaudi, 1992).

3. Radiative transfer effects are negligible since the total opacity along a vertical column

of lengthLref is κ(nmp)Lref ∼ 0.003, for n ∼ 10−3 cm−3 andκ ∼ 100 cm2 g−1.

4. The mediation of the radiation force by dust grains also implies that the gas cannot be

too hot for the dust grains to be sputtered. The sputtering radius of grains embedded

in even in a hot gas of temperature T∼ 105 K is ∼ 0.05(n/0.1 /cc)µm in a time scale

of 100 Myr (Tielens et al., 1994), and this effect is not important for the temperature

and density considered here.

3.3.2 Simulation set up

We present three models with parameters listed in the Table 3.1. The initial condition for all

the models are described in§3.3.1. The boundary condition is essentially the same, except

that the mass flux into the computational domain from the lower z boundary depends on the

type of disc. As has been mentioned in§3.3.1, we keep the velocity of injected matter very

low, vz(r, z0) = vz,ini = 10−5vref , so that it does not affect the dynamics. The three models

have been constructed by a combination of different values of three parametersΓ0, vφ and
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Figure 3.5: M1 : Logarithmic density contours for radiation driven wind from UD for four snapshots running
up to t = 98 Myr, with velocity vectors shown with arrows. Densities arecolour-coded according to the
computational unit of density,6.7× 10−24 g cm−3 ≈ 4mp cm−3.

the distribution of the density in the disc. Model M3 has been run for different values ofΓ0,

to ascertain the effect of radiation.

3.4 Results

In Figure 3.5, we present the model M1 for a constant surface density disc (UD). The density

contour and the velocity vectors for the wind are shown in four snapshots in Figure (3.5) upto

a timet = 98 Myr (corresponding tot = 2 in computational time units). There are a few

aspects of the gaseous flow that we should note here. Firstly,the disc and the outflowing gas

in this case has no rotation (vφ = 0). In the absence of the centrifugal force due to rotation

which might have reduced the radial gravitational force, there is a net radial force driving

the gas inward. At the same time, the radiation force, here characterised byΓ0 = 2, propels

the gas upward (the radial component of radiation being weak). The net result after a few

Myr is that the gas in the region near the pole moves in the positive z direction, and there

is a density enhancement inside a cone around the pole, away from which the density and

velocities decrease.

Also, because of the strong gravity of the bulge, the gas tends to get trapped inside the

bulge region, and even the gas at largerr tends to get dragged towards the axis. This region
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Figure 3.6: M2 : Logarithmic density contours for radiation driven wind from ED for four snapshots running
up tot = 98 Myr, with velocity vectors shown with arrows.

puffs due to accumulation of matter. Ultimately the radiative force drives matter outwards in

the form of a plume.

Next, we change the disc mass distribution and simulate the case of wind driven out of an

exponential disc (ED). We show the results in Figure 3.6. Since both gravity and radiation

forces in this case of exponential disc are quasi-sphericalin nature, therefore in the final

snapshot the flow appears to follow almost radial streamlines. Although in the vicinity of the

disc, the injected matter still falls towards the axis, but this is not seen at large height as was

seen in the previous case of M1. This makes the wind cone of rising gas more diverging than

in the case of UD (M1).

3.4.1 Rotating wind from exponential disc

The direction of the fluid flow in M1 and M2 is by and large towards the axis at low height,

and this flow is mitigated in the presence of rotation in the disc and injected gas. In the

next model M3, we consider rotating matter being injected into the computational domain

and which follows avφ distribution given by equation (3.23). This is reasonable to assume

since the disc from which the wind is supposed to blow, is itself rotating. In M3, we simulate

rotating gas being injected above a ED and being driven by a radiation force ofΓ0 = 2. We

present nine snapshots of the M3 case in Figure 3.7.
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Figure 3.7: M3: Contours oflog10(ρ) andv-field of radiation driven wind withΓ0 = 2.0 from an ED.t = 2
corresponds to 98 Myr.

The first six snapshots of Figure 3.7 show the essential dynamics of the outflowing gas.

The fast rotating matter from the outer disc is driven outward because the radial gravity

component is overcome by rotation. Near the central region,rotation is small and also the

radial force components are small. Therefore the gas is mostly driven vertically. The injected

gas reaches a vertical height of∼ 5 kpc in a time scale of∼ 37 Myr (t = 0.75). The flow

reaches a steady state after∼ 60 Myr (t = 1.25). In the steady state we find a rotating and

mildly divergent wind.

We show the azimuthal velocity contours in Figure 3.8 in colour for the fully developed

wind (last snapshot in M3), and superpose on it the contour lines ofρ. The density contours

clearly show a conical structure for outflowing gas. The rotation speed of the gas peaks at the

periphery of the cone, and is roughly within100 km s−1. Compared to the disc rotation speed,

the rotation speed of the wind region is somewhat smaller. Inother words, we find the wind

mostly consisting of low-angular momentum gas lifted from the disc. We plot the velocity

of gas close to the axis in Figure 3.9 for different times in this model (M3), considering

v(0, z) ∼ vz(0
+, z). The velocity profile in the snapshots at earlier time fluctuates at different

height, but becomes steady aftert ≥ 1.5, as does the density profile. We have run this
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Figure 3.8: The rotation velocityvφ for the case M3 at a time of 98 Myr is shown in colours. Contour lines of
log10(ρ) are plotted over it.

Figure 3.9: The axial velocityvz(0+, z) with z at
different time steps for the model M3. t = 2.0 corre-
sponds to a time of98 Myr.

Figure 3.10: The axial velocityvz(0+, 10 kpc) in
simulation unitsvref = 200 km s−1 with Γ0, at a
time t ∼ 10 Myr.
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particular case of ED with rotation (model M3) for different values ofΓ0. In order to illustrate

the results of these runs, we plot thez-component of velocity (vz(0+, 10 kpc)) at 10 kpc and

at simulation time,t = 2 as a function ofΓ0 in Figure 3.10. We find that significant wind

velocities are obtained forΓ0 & 1.5 and wind velocities appear to rise linearly withΓ0 after

this critical value is achieved. In the previous chapter, using 1D analytical calculation, we

found this critical value to beΓ0 ≈ 3 for a constant density disc and wind launched above the

bulge. For the realistic case of an exponential disc in the present simulation, we note that the

critical Γ0 is smaller, which is likely because of the fact that scale of the winds is limited by

box size and also there is an additional centrifugal force due to rotation. The important point

is that the criticalΓ0 is not unity. This is because the parameterΓ0 is not a true Eddington

parameter since it is defined in terms of disc gravity and radiation, whereas halo and bulge

also contribute to gravity.

3.5 Discussions

Our simulation differs from earlier works (e.g. Suchkov et al., 1994) mainly in that we

specifically target warm outflows and the driving force is radiation pressure. Most of the

previous simulations of galactic wind have used energy injected from supernovae blasts as

a driving force. However, with the ideas presented in Murrayet al. (2005), which worked

out the case of radiation pressure in a spherical symmetric set-up, it becomes important to

study the physics of this model in an axisymmetric set up, as has been done analytically by

Sharma et al. (2011). Also we have tried to capture all features of a typical disc galaxy like

a bulge and a dark matter halo, and a rotating disc. Recent analytical works (Sharma et al.,

2011) and simulations (Hopkins et al., 2012) have shown thatoutflows from massive galaxies

(Mh ≥ 1012 M⊙) have different characteristics than those from low mass galaxies. Outflows

from massive galaxies are mostly driven by radiation pressure and the fraction of cold gas

in the halos of massive galaxies is large (van de Voort & Schaye, 2012). Our simulations

presented here addresses these outflows in particular.

We have parameterized our simulation runs with the disc Eddington factorΓ0, and it

is important to know the corresponding luminosity for a typical disc galaxy, or the equiv-

alent star formation rate. For a typical opacity of a dust andgas mixture (κ ∼ 200 cm2

g−1) (Draine, 2011), the corresponding mass-to-light ratio requirement forΓ0 & 1.5 is that

M/L ≤ 0.03. In the previous chapter we have shown that for the case of instantaneous

star formation, large value ofΓ0, is possible for a period of∼ 10 Myr after the starburst.

However for a continuous star formation, which is more realistic for disc galaxies, Sharma

& Nath (2012) found that only massive ultra luminous infrared galaxies (ULIRGs), with star
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formation rate larger than∼ 100 M⊙ yr−1, are suitable candidates for such large values of

Γ0, and for radiatively driven winds.

The results presented in the previous sections show that theoutflowing gas within the

central region of a few kpc tends to stay close to the pole, anddoes not move outwards be-

cause of its low angular momentum. This makes the outflow somewhat collimated. Although

outflows driven by SN heated hot wind also produce a conical structure (e.g. Fragile et al.,

2004) emanating from a breakout point of the SN remnants, there is a qualitative difference

between this case and that of radiatively driven winds as presented in our simulations. While

it is the pressure of the hot gas that expands gradually as it comes out of a stratified atmo-

sphere, in the case of a radiation driven wind, it is the combination of mostly the lack of

rotation and almost vertical radiation force in the centralregion that produce the collimation

effect. We also note that the conical structure of rotation in the outflowing gas is similar

to the case of outflow in M82 (Greve, 2004), where one observesa diverging and rotating

periphery of conical outflow.

From our results of the exponential and rotating disc model,we find the wind comprising

of low-angular momentum gas lifted from the disc. It is interesting to note that recent simula-

tions of supernovae driven winds have also claimed a similarresult (Governato et al., 2010).

Such loss of low angular momentum gas from the disc may have important implication for

the formation and evolution of the bulge, since the bulge population is deficient in stars with

low specific angular momentum. Binney et al. (2001) have speculated that outflows from

disc that preferentially removes low angular momentum material may resolve some discrep-

ancies between observed properties of disc and results of numerical simulations.

As a caveat, we should finally note that the scope and predictions of our simulation is

limited by the simple model of disc radiation adopted here. In reality, radiation from discs is

likely to be confined in the vicinity of star clusters, and notspread throughout the disc as we

have assumed here. This is likely to increase the efficacy of radiation pressure, but which is

not possible within the scope of an axisymmetric simulation.

In summary, we have presented the results of hydrodynamical(Eulerian) simulations of

radiation driven winds from disc galaxies. After studying the cases of winds from a constant

surface density disc and exponential disc without rotation, we have studied a rotating outflow

originating from an exponential disc with rotation. We find that the outflow speed increases

rapidly with the disc Eddington parameterΓ0 = κI/(2cGΣ). The density structure of the

outflow has a conical appearance, and most of the outflowing gas consists of low angular

momentum gas.
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We found in the previous chapters that the dynamics of the cold phase is better explained by
radiation driving if the luminosity is sufficient. Whether adisc with continuous star formation
is able to generate large enough luminosity to drive the outflow is a question worth exploring.
The cold phase of the outflows is clumpy in nature. Cold cloudsare generally embedded in
a hot phase of the outflow which is believed to be moving with high velocities(& 500 km/s)
as inferred from X-ray temperatures. The hot phase can exertram pressure force on the cold
clouds and may thus act as an important driving agent. One should take into account the
ram pressure force as well in modelling the dynamics of cold phase. in this chapter, we solve
for the ballistic motion of a cold clump along the pole of discgalaxy, driven by a combined
action of ram pressure and radiation pressure.

Main Results

• We find that initially the radiation pushes the cloud to a few kpc where the surrounding
hot wind coming from below is dilute enough due to geometrical divergence so that
the cloud crushing time is increased. Therefore the cold clouds can easily survive.

• We find that the driving force due to ram pressure is a functionof SFR and the radiation
force is a function of both the circular speed (vc) and the SFR. The containing force
of gravity is a function of galactic circular speed. Therefore vc and SFR are the two
free parameters of this problem. Hence we solve for cloud dynamics in the parameter
space ofvc and SFR.

• We find that the criteria for galaxies to harbour outflows at the scales of∼ 20 kpc is
given by,

SFR
3/4
10 M⊙/yr v

−2
c,140 km/s > 1 (4.1)

• When the above criteria is satisfied, the wind speed (vw) in units of galaxy circular
speed (vc) obeys the following scaling,

vw
vc

∼ 100.7
[

SFR

50M⊙/yr

]0.4 [
vc

120 km/s

]−1.25

. (4.2)

• We have shown that the ram and radiation pressure driven outflows at the scales of
∼ 20 kpc should occur only for galaxies which have star formationsurface density,
ΣSFR & 10−1 M⊙ yr−1 kpc−2 .

• We find that there may be outflows even in galaxies withΣSFR < 10−1 M⊙ yr−1

kpc−2, however, a different mechanism may be at work in such situations. One such
mechanism is the cosmic ray streaming which can cause outflows even in the faint
dwarfs. We refer the reader to Appendix G of this thesis wherewe explore cosmic ray
driven winds.
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4.1 Introduction

In the previous chapters we explored the outflows driven by radiation pressure on dust grains.

We derived that a large value (∼ 102) of luminosity-to-mass ratio is required in order to have

escaping outflows. Such a large value may be possible in some cases as we discussed in

chapter 1. For normal galaxies undergoing star formation incontinuous manner, the SFR

required to generate high luminosities is∼ 100 M⊙ yr−1. Another aspect is the clumpiness

of the cold phase of the outflow under discussion here. Owing to the clumpy nature of the

gas one may use ballistic type calculation to study the dynamics of gas (e.g. Murray et al.,

2011).

In the standard SNe/starburst driven wind scenario, the cold clouds are thought to be en-

trained in the hot phase of flow via ram pressure (e.g. Heckmanet al., 2000). However, the

recent calculations based on radiation pressure ignore theram pressure as a driving mecha-

nism. If one carefully compares the ram pressure driving andthe radiation pressure driving,

both mechanisms have limitations. In the case of ram pressure, although the hot gas provides

the momentum to cold clouds but, it can also disrupt the clouds via shocks and instabilities

and, as a result, the cloud may not survive long enough (e.g. Marcolini et al., 2005), which

is quite contrary to observations in which the cold clumps are seen upto heights of∼ 10

kpc. On the other hand, in case of radiation driving, as we mentioned above, the luminosi-

ties required are quite large, which may be available only for short periods (∼ 10 Myr). In

the face of the two processes (ram pressure and radiation pressure) leading to outflows, one

wonders if both processes contribute equally, or if there are regimes in which one of these

two processes dominate over the other.

In this chapter we address these questions and study the dynamics of the wind as a result

of an interplay between the ram pressure due to hot wind and the radiation force due to a

star-forming disc, whose photon output is inferred using STRABURST99 following the con-

tinuous star formation model. In§4.2 we discuss the role of radiation pressure in prolonging

the lifetime of clouds and set up the equations for the dynamics of the cold gas. In§4.3 we

solve for the velocity of clouds as a function of height,z. We find the terminal speed for a

range in SFR and galaxy circular speed (vc) and compare our results with observations. We

discuss our findings in§4.4.

4.2 Gaseous outflows with ram and radiation pressure

We consider the dynamics of cold clouds (T . 104 K) embedded in hot gas, in which the hot

gas component exerts a drag force due to ram pressure. We alsoassume that dust grains in
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the cold clouds are strongly coupled to the gas, and therefore the dynamics of these clouds

is also influenced by radiation pressure.

To start with, we discuss the issue of the survival of clouds.Observations show that

clouds can be present upto vertical distances of several kpcfrom the galaxy centre. However,

if they are acted upon by the ram pressure of the hot wind rightfrom the beginning where

the clouds start their journey, then they can get disrupted via the shocks and effects of the

hot wind. The shock disruption time scale is given byτdis = Rc

vh

√
ρc
ρh

, whereRc is the

cloud radius,ρc is its density. Also,ρh andvh are the density and velocity of the hot wind

respectively. If we consider a density contrast of almost unity at the base of the wind, then

the cloud crushing time scale is of the order of shock passagetime scale (Rc/vh), which is

roughly a Myr and hence small. Therefore, the cloud should not survive long enough if it

is acted upon by the ram pressure right from the base. Simulations of clumps embedded in

hot dense flow also show that the survival of the clumps is verydifficult (Marcolini et al.,

2005) due to a combination of disruption mechanisms such as impact shocks and Kelvin-

Helmholtz instability. However, observations show that the cold clumps are present upto

large distances.

Radiation pressure driving in the initial stages of cloud motion can provide a solution

to this mystery (e.g. Murray et al., 2011). Let us think of a scenario in which the clouds

are lifted to a significant distance (∼ kpc) before the hot wind comes into action. At these

heights the hot wind would be diluted because of geometricaldivergence. Therefore, when

the hot wind impacts the cloud the density contrast between the cloud and surrounding can

be as large as102, and hence the crushing time scale is also very large (∼ 10 Myr) and the

cloud can survive easily. To elaborate on this, let us do a ‘Gedankenexperiment’. As soon as

some region in galaxy undergoes a strong burst of star formation the radiation is emitted first,

which drives a surrounding shell of gas. This shell while erupting out of disc will fragment

to form the clumps. In case of radiation driving mediated by dust grains these clumps easily

would have travelled to the distance of roughly a kpc in3–4 Myr. This is typically the time

when the first SNe would blast, which will launch the hot flow from below. Thus when the

ram pressure of the hot wind will finally come into picture, the cold cloud would already be

situated at a distance of∼ kpc. At this moment the problem becomes well defined. The cloud

survival is no more a problem and also the clouds are high enough so that their dynamics

is influenced by radiation from entire disc, the global gravitational force of galaxy and the

ram pressure from a hot superwind present at kpc scales. We can then write the following

equation for the dynamics of the cold cloud (Pc = Mcv), see Figure 4.1,

dPc

dt
= Mc

dv

dt
= Fram + Frad − Fgrav (4.3)
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Figure 4.1: A schematic diagram for the motion of a cold cloud embedded ina cone of hot flow and acted
upon by forces of radiation and gravity from the parent galaxy. Cloud is at a height z. The total mass loss in
hot flow,Ṁhot = 2 ρhvhA, whereA is the area at the top of conical patch, and a factor of2 for two-sided mass
loss. For a half-cone angle ofθ the areaA = z2

∫ 2π

0

∫ θ

0
sin(θ′)dθ′dφ.

whereMc is the mass of the cloud andv is its velocity inz direction. Fram represents the

force exerted by the hot wind via ram pressure in g cm s−2. Frad is the force due to radiation

on dust grains andFgrav is the gravitational force.

We first discuss the role of ram pressure on the motion of cold blobs of gas dragged

in it, following the model of Strel’Nitskii & Sunyaev (1973). In this scenario, the hot gas

observed in X-rays and which is thought to provide the ram pressure, has temperatures in

the range0.5–1 keV (Heckman, 2002; Martin, 2005), which correspond to the isothermal

sound speedcs ∼ 300–400 km/s. Current X-ray instruments can not detect the speed of this

hot and tenuous material and hence the kinemetics of this hotphase is poorly constrained.

If we assume it as an adiabatic wind passing through a sonic point, thenv2h ∼ αc2s, where

α = 2.5–5 (Efstathiou, 2000), which givesvh ∼ 1.2–2.2 cs. In this chapter, we takevh ∼ 800

km s−1, which corresponds tovh ∼ 2cs andTX ∼ 1 keV.

Consider then the hot gas flow (with densityρh and velocityvh), emerging through a

cone. Mass loss in a hot wind is given by the following expression (see figure 4.1),

Ṁhot = 2ρhvhz
2

∫ 2π

0

∫ θ

0

sin(θ′)dθ′dφ (4.4)

Observations indicate conical angles for hot wind in the range2θ ∼ 10◦–100◦ (Veilleux et al.,

2005; Lehnert & Heckman, 1996). We consider a mass loss rate of Ṁhot ≈ (π/2)z2ρhvh,

which roughly corresponds to half-cone angleθ ∼ 30◦. The momentum injection rate is
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ṗh = Ṁhotvh, so we can write

ρhv
2
h =

ṗh
πz2/2

(4.5)

The force exerted by the ram pressure on a cold cloud of massMc and cross-sectionAc is

given by

Fram =
1

2
CDAcρh(vh − v)2H(vh − v)

=
CDAc

2
ρhv

2
h

(
1− v

vh

)2

H(vh − v) (4.6)

HereH(vh − v) is the step function whose value is 1 forv < vh and 0 otherwise.CD ∼
0.5 is the drag coefficient. For the cloud, one can writeMc

Ac
= µmpNH where NH is the

column density andµ is the mean molecular weight. Also the momentum injection rate

ṗh ≈
[
5× 1033

(
SFR

1M⊙/yr

)]
dyne in a starburst (Leitherer et al., 1999). Using these and

substituting eqn.(4.5) in eqn.(4.6) we get,

Fram

Mc
=

[5× 1033 ( SFR
M⊙/yr

)]dyne

4 NH µmp (πz2/2)

(
1− v

vh

)2

H(vh − v) (4.7)

4.2.1 Disc, bulge and halo

Next we consider the forces due to a thin galactic disc. We will usef for force per unit mass

(f = F
Mc

). In cylindrical geometry, the force of gravitationfg,d(z), and that due to radiation

fr,d(z), along the pole of a disc of radiusRd, with constant surface mass density (Σ) and

surface brightness (I) are given by,

fg,d = 2πGΣ

∫ Rd zRdR

(R2 + z2)3/2
, fr,d =

2πκI

c

∫ Rd z2RdR

(R2 + z2)2
, (4.8)

whereκ is the average opacity of a dust and gas mixture. The ratio of these forces, the disc

Eddington ratio, increases with the heightz, beginning with a value ofΓ0 =
κI

2cGΣ
at the disc

centre atz = 0. Since I
Σ
∝ L

Md
, where Md is the disc mass, we can expressΓ0 in terms of the

SFR by calculating the luminosityL of a galaxy in any desired band for a certain SFR using

the code STARBURST99. The luminosity in this case is proportional to SFR, therefore ifL1

is the luminosity at1 Gyr for an SFR of1 M⊙ yr−1 then we can writeΓ0 as,

Γ0 =
κ

2cG

L1 × SFR
M⊙/yr

Md
(4.9)

The opacity (κ) depends on the situation whether the clouds are optically thick or thin to the

UV radiation. Mean opacity for gas mixed with dust corresponding to a colour temperature
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∼ 9000 K is κ ≈ 200 cm2 g−1 in the U band (Figure 1b, Draine (2011)). This opacity can

be used if the clouds are optically thin. For large clouds with size,ℓc ∼ 1 kpc and with

density,ρc ∼ 1 mp cc−1, the optical depth would beτ ∼ 1, which means the cloud can

be marginally optically thick. In this case, the opacity would be given byκ → Ac/Mc ≈
(ρcℓc)

−1, which comes out to be approximately200 for the cloud size and density mentioned

above. Therefore, we work withκ ≈ 200 in this chapter.

To determine the gravitational force, we assume a sphericalmass distribution in the bulge

and halo. For the bulge, we assume a total mass ofMb ∼ 0.1Md inside a radiusrb ∼ 0.1rd

for simplicity. For the distribution of dark matter, we onceagain consider a NFW profile,

with total massMh (Navarro et al., 1996). We fix Mh for a given disc mass (Md), by the ratio

Mh/Md ∼ 20, as determined by Mo et al. (1998) and we use their prescription to evaluate

the disc exponential scale-length (Rd). we use this scale-length as the size of galactic disc to

compute the disc forces. Gravitational potential of NFW halo is,

ΦNFW = − GMh

ln(1 + c)− c/(1 + c)

[
ln (1 + r

rs
)

r

]
(4.10)

wherers is the NFW scale length andrvir is the radius within which the mean overdensity

is 200.c = rvir
rs

is the halo concentration parameter. We use the value ofc as obtained from

theMh–c relation given by Macciò et al. (2007). The NFW potential implies a gravitational

force along z which is given by,

fhalo,z =

∣∣∣∣−
∂ΦNFW

∂z

∣∣∣∣
R=0

(4.11)

=
GMh

z2

[
ln(1 + z

rs
)− z/(z + rs)

ln(1 + c)− c/(1 + c)

]

4.2.2 Equation of motion for clouds

Using the expressions for various forces as given above, onecan finally rewrite eqn(4.3) for

evaluating the velocity of clouds as a function of z,

v
dv

dz
=

ṗh(1− v/vh)
2H(vh − v)

4NH µmp (πz2/2)
+ 2πGΣΓ0

(
R2

d

z2 +R2
d

)

− 2πGΣ

(
1− z√

z2 +R2
d

)
− GMb

z2
− GMh

z2

(
ln(1 + z

rs
)− z

z+rs

ln(1 + c)− c
1+c

)
(4.12)

whereΓ0 is given by equation (4.9). We useµ = 1.4 andNH ∼ 1021 cm−2 (e.g. Martin,

2005; Heckman et al., 2000). Here the first term on RHS denote ram pressure, second the

radiation pressure and the last three terms represent the gravity of the disc, bulge & NFW
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halo respectively. This equation is non-linear due to the presence ofv in ram pressure term

and should be solved numerically, although previous authors have approximated it assuming

v ≪ vh. The form of the ram pressure term suggests that ram pressurewould not be effective

once the velocity becomes greater than velocity of hot component. Hence the ram pressure

is likely to be effective for low-mass galaxies.
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Figure 4.2: Variation of wind speed with vertical distance (z) for galaxies of different circular speeds. The thick
solid, dashed and dotted lines refer tovc = 100 km s−1, and for SFR of10, 100, 500 M⊙ yr−1, respectively.
The thin solid, dashed and dot-dashed lines refer tovc = 200 km s−1, for the same values of SFR, respectively.

4.3 Results

We solve the wind equation (equation 4.12) numerically. Figure4.2 shows the wind speed

as a function ofz for different values of SFR for two galaxies, withvc = 100 km s−1 and

vc = 200 km s−1. Instead of rising continuously, the wind speed saturates after travelling a

distance of≥ 10 kpc, with a terminal speed that is lower for higher mass galaxies. The thick

solid line roughly corresponds to M82, and the wind speed∼ 300 km s−1 is consistent with

the observations (Heckman et al., 2000; Schwartz & Martin, 2004).

4.3.1 Outflow velocity as a function ofvc and SFR

Next we solve the wind equation for a grid of values of SFR and galaxy circular speed (vc),

for the cases of ram pressure and radiation pressure alone, and then for the combination of

the two.
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Figure 4.3: Ratio of wind speed (vw) and the galaxy circular speed (vc) is shown using the colour coding.
We have also plotted the contour levels wherevw/vc = 3, for three cases as follows : thick solid line for
combined ram and radiation pressure driving; dashed line for only ram pressure driving and the dotted line for
only radiation pressure driving.
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horizontal line corresponds tovw = 3vc.
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In Figure 4.3 we plot the logarithm of wind velocity (vw) at 20 kpc, in units ofvc, as a

function ofvc and SFR using colour code. The white part of the plot toward the top left corner

represents the cases when there are ‘no winds’. The colouredpart of the plot is where we

find non-zero wind speeds. The interface between the ‘no wind’ and ‘wind region’ roughly

follows the scalingvc ∝ SFR3/8. Using the scaling of this interface, we can write following

criteria for outflows,

SFR
3/4
10 M⊙/yr v

−2
c,140 km/s > 1 (4.13)

In Figure 4.3, the wind velocity increases as one moves diagonally towards the bottom right

corner in the coloured region of the plot. The escape velocity in a NFW halo is roughly

∼ 3vc. Therefore, we plot the contour forvw = 3vc using a solid line to find out which of

the winds are going to escape. The escaping winds are the oneswhich lie on the right side of

the thick solid line. We note that this contour is due to a combination of ram and radiation

pressure driving. We wish to explore which of these processes is effective at a particular

point in this plot. Therefore, we plot two more contours, oneusing a dashed line to represent

the case of only ram pressure driving and another contour using a dotted line to represent

the case of only the radiation pressure driving. In the case of only radiation pressure, the

wind speed is found to be roughly proportional to SFR, which can be understood from the

fact thatΓ0 ∝ SFR. The case for only ram pressure appears to better power the wind in

low mass galaxies. However, from the dashed contour it is clear that ram pressure can not

drive the cold clouds out of the galaxies with rotation speeds& 200km s−1 , which is due

to the maximum limit on hot wind speed. However for galaxies with vc & 200 km s−1 ,

the radiation pressure wins over the ram pressure. This points to the existence of a critical

rotation speed above which the physical mechanism of outflowchanges. Therefore outflows

from galaxies withvc . 200 km/s and SFR. 100 M⊙/yr are dominated by ram pressure

and those from the more massive galaxies with larger SFR, areinfluenced more by radiation

pressure.

We further elaborate on the winds from galaxies with three representative values ofvc
and SFR. We show the variation ofvw/vc with circular speed (vc) and SFR for three repre-

sentative galaxies in the left and right panels of Figure 4.4. We find that, for a constant SFR,

vw/vc decreases withvc, as the gravitational force increases withvc. The three representative

cases in this plot are as follows : dwarf starbursts (solid circle: vc ∼ 60 km s−1, SFR∼ 5

M⊙ yr−1), LIRGs (solid triangle:vc ∼ 120 km s−1, SFR∼ 50 M⊙ yr−1), ULIRGs (solid

square:vc ∼ 220 km s−1, SFR∼ 500 M⊙ yr−1). The values ofvw/vc for three representative

galaxies are greater than3, which can be taken as a criteria for escape and shown by the thin

horizontal line. Interestingly the near constancy ofvw/vc for the three representative points

recovers the observed scaling ofvw with vc. We can find the slopes of lines in Figure 4.4,
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Figure 4.5: Wind velocity is plotted as a function ofΣSFR from our solutions. The data for three values
of circular speedvc are shown; using squares forvc = 250, triangles forvc = 150 and circles forvc = 60
km s−1 . The vertical dashed line represents the threshold value ofΣSFR for driving outflows from observations
(Heckman, 2002).

and infer the scaling ofvw/vc with vc and SFR. We find that, for the galaxies which satisfy

the criteria in equation (4.13) in our solutions, the wind velocity can be approximated by the

following fit,
vw
vc

∼ 100.7
[

SFR

50M⊙/yr

]0.4 [
vc

120 km/s

]−1.25

. (4.14)

Observations show that the winds are generally observed forgalaxies with star formation

surface density ,ΣSFR & 10−1 M⊙ yr−1 kpc−2 (Heckman, 2002). If we consider that the

circular speed is roughly proportional to the radial extentof the galactic disc, then our theo-

retical criteria in equation (4.4) would imply a similar condition onΣSFR. We have solved the

wind equation (4.12), for every possible combination ofvc and SFR. According to formalism

of Mo et al. (1998), circular speed of the galaxy is proportional to the scale radius (Rd) in

disc galaxy . Using this we find the value ofRd corresponding to a particularvc. There-

fore, we now have a solution for wind speed for all combinations ofRd and SFR, where

each combination should represent a galaxy. We then findΣSFR for these galaxies using

the relation,ΣSFR = SFR/(2πR2
d)

∗. We then plot the wind velocity from our calculation,

for eachΣSFR in Figure 4.5 for galaxies with circular speedsvc = 250, 150 and60 km s−1

using squares, triangles and circles respectively. Interestingly we find non-zero wind speeds

only for galaxies withΣSFR larger than the threshold value,ΣSFR,threshold ≈ 10−1 M⊙ yr−1

∗An extra 2 is there becauseRd is the scale radius of an ‘exponential’ disc in the formalismof Mo et al.
(1998).
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kpc−2. We note that the threshold value for wind shows a mild increase with circular speed

(or equivalently the galactic mass) of the galaxy which is understandable due to increase in

gravitational pull with mass. In fact the behaviour with mass is evident if we go back to

our theoretical criteria in equation (4.13), and usevc ∝ Rd, then we get an interesting trend

which is,ΣSFR,threshold ∝ R
2/3
d ∝ M

2/9
h . To end this section, we also note that for large

and fixed value ofΣSFR, the wind velocity increases with the circular speed, a correlation

reported recently (Martin, 2005; Rupke et al., 2005b).

4.4 Discussions

The most important result of our calculation is that galactic outflows require both ram and

radiation pressure, especially for high mass and high SFR cases. Our calculation has a

number of ingredients from stellar physics and disc and haloparameters, and apart from the

value of the hot wind speedvh, there is no free parameter in this calculation. It is therefore

interesting to note that our theoretical results are consistent with most data of outflows when

studied in the parameter space ofvc and SFR. It is also interesting that a recent simulation

with ram and radiation pressure driven outflows has concluded that these two processes are

important in different mass regimes, although it is not clear where the dividing line between

the two regimes lies (Sharma et al., 2011; Hopkins et al., 2012). (Cold clumpy) outflows

from galaxies on the left of the contours in Figure 4.3 are unlikely to escape into the IGM

and likely get trapped in the circumgalactic region or fall back (Oppenheimer & Davé, 2008).

Next we compare our results with the outflow observations in parameter space ofvc and

SFR. For this purpose we compile a set of outflow data from the studies in past two decades,

covering a wide range of galaxies from dwarf starbursts to supermassive ULIRGs. In Figure

4.6, we plot the separating boundary between ‘no winds’ and ‘winds’ using a red dashed

curve in the parameter space ofvc and SFR. We have also shown the boundary for criteria

for escaping winds using a thick solid line. We then overplotvarious data sets, which we

have compiled, as follows : squares for ULIRGs from Martin (2005); Genzel et al. (2001),

triangles for high redshift ULIRGs from Weiner et al. (2009), asterisks for dwarf starbursts

from Schwartz & Martin (2004), big blue cross for ULIRGs fromRupke et al. (2005b),

filled circles for faint dwarfs from Martin (1998). Apart from these we have also shown two

representative galaxies from a recent SPH simulation in which the cosmic rays power the

galactic winds (Uhlig et al., 2012).

We find that our theoretical results explain the observationin the regionvc & 100 km s−1

, SFR& 1 M⊙/yr. Recent observations of ULIRG winds (Martin, 2005; Rupke et al., 2005b;
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Figure 4.6: Contours of wind velocityvw at 20 kpc, in units ofvc for combined ram and radiation pressure
driving. Thick black contour is forvw/vc = 3 and the thin red contour separates no wind region on the left from
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represents the range of data in Rupke et al. (2005b). We have also shown the galaxies from simulation of Uhlig
et al. (2012), using two red bars, which represent the case ofcosmic ray driving.

Weiner et al., 2009) fall within our theoretical predictionand also follow the trend of constant

vw/vc. This implies that cold outflows from these galaxies may indeed be driven by the

combined action of ram and radiation pressure. We note that the faint dwarf galaxies in

which Martin (1998) and Schwartz & Martin (2004) have reported outflows (circles and

astrisks), lie on the left of the red curve, which is the region where our theoretical model

predict no outflows. Also if we calculate the star formation surface density for these galaxies

we find that only a few of them satisfyΣSFR > 0.1 M⊙ yr−1 kpc−2, which is the criteria for

winds. This points to some other process, responsible for powering winds in these galaxies.

One such process may be the cosmic ray streaming and resulting outflows (e.g. Ipavich,

1975; Samui et al., 2008; Uhlig et al., 2012). Recently, using SPH simulations of cosmic ray

streaming, Uhlig et al. (2012) have shown that this mechanism can power the outflows in low

SFR and low mass galaxies (shown by two pink bars in Fig. 4.6).We explore the theoretical

basis behind cosmic ray driven wind from low mass galaxies inAppendix G of this thesis.

We note that our results assumed a value ofvh ∼ 800 km s−1, and a column density of

cold clouds of∼ 1021 cm−2. If we assume a larger value ofvh (∼ 1000 km s−1), then the

contour for only ram pressure will be able to explain the winds in ULIGs with large SFR

and high mass. A similar result will follow from larger values ofκ for the radiation pressure



Chapter 4. The Roles of Radiation and Ram Pressure in DrivingGalactic Winds 66

case.

It is interesting to note that the contour for only radiationpressure can explain the ULIRG

region of Figure 4.3 (top right corner). Extending to largerSFR, our results indicate that

radiation pressure will also be important for Hyperluminous Infra Red Galaxies (HLIRGs)

(Rowan-Robinson, 2000). Lastly, although it may appear that the role of radiation pressure

in galaxies other than ULIRGs is less dominant than ram pressure as far as energetics is

concerned, radiation pressure may still play an important role in lifting the clouds to a large

height before it is embedded in the hot wind to help it survivelong (Nath & Silk, 2009;

Murray et al., 2011).

In summary, we have studied the outflows from disc galaxies driven by ram and radiation

pressure. We found the criteria for the existence of outflowsat the scales of∼ 20 kpc

in galaxies. We further explained theoretically the threshold value ofΣSFR, required for

outflows as reported in observations. We compared our results with data in the parameter

space of galaxy circular speed and SFR. We found that the driving mechanism of escaping

wind is different in low mass and high mass galaxies, with radiation pressure being important

for high mass galaxies with high SFR. We also found that outflows may occur in galaxies

even with very low star formation rates (SFR< 0.5M⊙ yr−1), however a different mechanism

would be operating in such cases. One such mechanism is the cosmic ray streaming as

discussed in Appendix G.
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Hydrodynamic Model for SNe and AGN

Driven Outflows
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The standard SNe/starburst driven free-wind models neglected the effect of dark matter halo
gravity (e.g. Chevalier & Clegg, 1985). Gravity may not be important for dwarf galaxies but
definitely important for the high mass galaxies (e.g. Mac Low& Ferrara, 1999). SNe driven
winds are important for low mass galaxies and the inclusion of these in galaxy formation
models can account for observed stellar content of galaxiesat low mass end of the halo
mass function. At the higher mass end, it is believed that AGNfeedback shapes the galaxy
luminosity function. In semi-analytic modelling the SNe and AGN feedback are used as free
parameters which are tuned to explain the observed galaxy properties. A proper understand-
ing for the outflow velocities and mass loss, invoked by current studies of galaxy formation,
is still missing. We address these questions in this chapterand construct a trans-sonic wind
model taking into account the energy injection from SNe and momentum injection from AGN.

Main Results

• We derive steady state closed form solutions for the hydrodynamic wind from NFW
dark matter halo driven by the energy and mass injection fromSNe and the momentum
injection from an Eddington limited AGN.

• We find that the wind dynamics depends on three velocity scales: (a)v⋆ ∼ (Ė/2Ṁ)1/2

describes the effect of starburst activity, withĖ, Ṁ as energy and mass injection rate
in a central region of radiusR; (b) v• ∼ (GM•/2R)1/2 for the effect of a central black
hole of massM• on gas at distanceR and (c)vs = (GMh/2Crs)1/2 which is closely
related to the circular speed (vc) for NFW halo, withrs as the halo scale radius andC
is a function of halo concentration parameter.

• We find a general expression for wind terminal speed given byv∞ = (4v2⋆ + 6(Γ −
1)v2• − 4v2s)

1/2, whereΓ is the ratio of force due to radiation pressure to gravity of the
central black hole.

• We find that the winds from quiescent star forming galaxies cannot escape when the
halo mass is in range1011.5 ≤ Mh ≤ 1012.5 M⊙. We note that the circumgalactic gas
at large distances(> 10 kpc) from galaxy centres should be present for galaxies in this
mass range.

• For an escaping wind, the wind speed in low to intermediate mass galaxies is∼
400–1000 km/s, consistent with observed X-ray temperatures.

• We find that the winds from massive galaxies with AGN at Eddington limit (due to
electron scattering) should have speeds& 1000 km s−1 .

• Using inputs from our outflow model, we derive stellar to halomass ratio in galaxies,
following the scheme suggested in Granato et al. (2004) and Shankar et al. (2006). We
find that the stellar to halo mass ratio peaks roughly atMh ∼ 1012 M⊙ where the cross-
over occurs towards AGN domination in outflow properties from starburst activity at
lower masses. The stellar mass for massive galaxies scales as M⋆ ∝ M0.26

h , and for
low mass galaxies,M⋆ ∝ M

5/3
h .
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5.1 Introduction

In the standard scenario of galaxy formation the baryonic matter falls inside the potential

wells created by dark matter halos. This in-falling material cools and forms stars. This pic-

ture is met with problems as the galaxy stellar mass functiondoes not follow the halo mass

function. Both low and high mass halos have significantly lower than predicted value of

stellar masses (Somerville et al., 2008; Moster et al., 2010; Behroozi et al., 2010). To rec-

oncile with these problems it has been proposed that the SNe and starbursts provide thermal

energy injection and cause large amount of mass to flow out of the galaxy as galactic super-

winds (Dekel & Silk, 1986; Larson, 1974; Oppenheimer & Davé, 2006). The star formation

is suppressed as the galaxies lose a significant portion of their baryons due to this negative

feedback. Although this picture can provide explanation for the low ratios ofM⋆/Mh for

the low mass halos, but for the high mass halos, gravity becomes strong and the SNe are

not sufficient to drive the gas out. In order to resolve the discrepancy at high mass end, it

has been argued that the AGN outflows may sweep away the baryons and suppress the star

formation in high mass galaxies (Silk & Rees, 1998; Wyithe & Loeb, 2003; Di Matteo et al.,

2005; Springel et al., 2005; Croton et al., 2006; Bower et al., 2006). These two feedback

processes, when considered together, are believed to explain the shape of galaxy stellar mass

function at both low and high mass end (Binney, 2004; Cattaneo et al., 2006; Puchwein &

Springel, 2013).

Apart from their cosmological importance as a feedback process, galactic winds have

been a topic of research as a gas dynamical problem in galactic physics. Speculations on

the possibility that galaxies can harbour large scale windsfollowed the models of solar wind

developed by Parker (1965). Burke (1968) proposed a model oftrans-sonic winds from the

galaxy with heat and mass addition from SNe. It was further proposed that galactic winds

may cause ellipticals to lose all of their gas (Johnson & Axford, 1971; Mathews & Baker,

1971). The review by Holzer & Axford (1970) gives an elaborate account of the theoretical

aspects of solar and galactic winds. Chevalier & Clegg (1985) showed that energy injection

at the center can drive a fast super-wind from the dwarf star-burst galaxy M82. In this

work the gravity of the galaxy was not considered and the obtained solutions were trans-

sonic with a heat injection up to the sonic point. Wang (1995)modeled the wind from a

power law gravitational potential and showed that wind may escape the galaxy or settle in

a galactic corona depending on the mass of the galaxy and the effect of radiative cooling.

Silich et al. (2011) studied the effects of cooling on winds from individual star clusters with

exponential stellar density distribution. Winds driven bycosmic rays have also been studied

in the literature (Ipavich, 1975; Breitschwerdt et al., 1991; Samui et al., 2008; Uhlig et al.,
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2012).

Observations show that the winds do not consist of a homogeneous medium. The hot gas

emitting X-rays and the cold/warm gas visible in emission and absorption lines (Strickland

et al., 2004; Bouché et al., 2012; Kornei et al., 2012), coexist in the galactic winds (Heckman

et al., 2000; Veilleux et al., 2005). Hot phase appears as a smooth flow of tenuous gas while

the colder phase is clumpy in nature. It is usually believed that cold neutral clouds form as

a result of thermal instabilities in the hot flow and they are entrained with the parent flow

because of its ram pressure (Heckman et al., 1993). Hydrodynamical simulations with radia-

tive cooling also supported this scenario (Suchkov et al., 1994; Strickland & Stevens, 2000;

Cooper et al., 2008). However, recent observations show that the velocity of neutral clouds

does not correlate with the velocity of hot flow and rather it correlates with the circular speed

of the host galaxy (Martin, 2005; Rupke et al., 2005b). If oneconsiders the momentum

driven winds where the radiation from the galaxy acts on the dust grains, then these observa-

tions can be explained (Murray et al., 2005; Sharma et al., 2011; Chattopadhyay et al., 2012;

Nath & Silk, 2009). However, the radiation may not be sufficient in fainter low mass galaxies

and ram pressure is still required to explain the cold winds in these galaxies (Sharma & Nath,

2012; Murray et al., 2011; Hopkins et al., 2012). On the otherhand in high mass ULIRGs,

radiation from AGN may be an alternate mechanism for drivingoutflows apart from SNe

and stellar radiation.

In spite of the general consensus about the AGN driving in quasar outflows, observation-

ally it has been hard to establish that outflows in galaxies are also powered by AGN (Rupke

et al., 2005a; Westmoquette et al., 2012). However, recent observations do show compelling

evidence for the AGN driving in galactic outflows (Sturm et al., 2011; Rupke & Veilleux,

2011; Alexander et al., 2010; Morganti et al., 2007; Dunn et al., 2010; Feruglio et al., 2010;

Fu & Stockton, 2009; Villar-Martı́n et al., 2011). From the theoretical point of view, con-

siderable amount of work has been carried out in modeling radiation driven outflows in the

immediate vicinity of the AGN (Murray et al., 1995; Proga et al., 2000; Kurosawa & Proga,

2009; Risaliti & Elvis, 2010). However, the effects of radiation from accreting black holes

has not been discussed for driving galaxy scale outflows. Murray et al. (2005) proposed the

existence of a critical luminosity for the AGN (or the galaxy) necessary for the blow-out

of all the available gas. The value of this critical luminosity depends on the dust scattering

opacity at UV. Everett & Murray (2007) studied Parker wind from AGN occurring at scales

of ∼ 100 pc. Debuhr et al. (2012) carried out simulations showing that the initial momentum

injection and the fast outflow in the vicinity of hole may shock the surrounding ISM and can

result in a galaxy scale outflow. Whether the outflows due to the AGN are energy conserving

or momentum conserving has been a topic of debate as well. Silk & Nusser (2010) argued
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that the energy driven outflows are not possible in the galactic bulges. King et al. (2011) pro-

posed that AGN outflows are momentum driven at small scales and energy driven on larger

scales. Faucher-Giguère & Quataert (2012) showed that thecooling in the region, shocked

by AGN radiation pressure, may not be effective and the outflows can be energy conserving.

McQuillin & McLaughlin (2012) studied the large scale motion of momentum-conserving

supershells from a dark matter halo. Novak et al. (2012) carried out a radiation transfer

calculation assessing the efficiency of various componentsof AGN spectrum in driving out-

flows. This work showed that most of the UV flux is quickly absorbed and re-radiated in IR.

The IR radiation can drive a dusty outflow and may result in mass loss much higher than the

line driving mechanisms, on the scales connecting the AGN and host galaxy as shown by

radiation hydrodynamic simulations (Dorodnitsyn et al., 2011) .

It is evident from the studies on starburst and AGN driven outflows that these processes

play an important role in the formation and evolution of galaxies. In galaxy formation mod-

els, these two processes are generally invoked using simplerecipes through feedback factors.

However, in theoretical models of winds they have been treated separately for the low mass

and high mass galaxies. There is a lack of models that developa complete hydrodynamic the-

ory of winds which can envisage both these feedback processes. In this chapter we address

this problem analytically and bring in both these wind driving agents together and using the

analytical results from our calculation we also attempt an explanation for the galaxy stellar

to halo mass relation.

We start with the derivation of a general wind equation in§5.2, which accounts for any

possible mass, energy and momentum injection. We then present a brief derivation of SNe

driven wind model of CC85 and extend this model to the case including a dark matter halo

in §5.3. Afterwards in§5.5 we introduce the momentum injection from the AGN and derive

a general analytic solution for the galactic wind, which hasinputs from SNe injection, NFW

gravity and the central black hole. This solution leads us toimportant results like the termi-

nal velocity of winds, condition for escaping winds and the dependence of wind properties

on the halo mass and the black hole mass. In§5.5.2 we show the velocity, density and tem-

perature of the outflow as a function of the distance from the centre. Interestingly a class

of our solutions can explain the gas reservoirs in the the galactic halos seen in observations

(Tumlinson et al., 2011) and simulations (van de Voort & Schaye, 2012; Stinson et al., 2012).

In §5.6, we study the cosmological implications of our results followed by discussion and

summary of our findings.
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5.2 Basic equations

We consider steady spherically symmetric winds driven by mass and energy/momentum in-

jection from processes that are confined in a central region of radiusR. Consider a heating

rateĖ and mass injection ratėM in this region, which has a size of a few hundred parsecs

(see below) then the basic fluid equations can be written as,

1

r2
d

dr
(ρvr2) = ṁ =

Ṁ

V
(5.1)

v
dv

dr
= −1

ρ

dp

dr
− dΦ

dr
+ f(r)− ṁv

ρ
(5.2)

1

r2
d

dr

[
ρvr2

(
v2

2
+

c2s
γ − 1

)]
+ ρv

(
dΦ(r)

dr
− f(r)

)
= q =

Ė

V
(5.3)

HereV is the volume of the central region in which the energy injection and the mass in-

jection is occurring.Φ(r) represents the gravitational potential andf(r) is the momentum

injection force per unit mass.cs is the Laplacian sound speed. In this work we will be con-

sidering the momentum injection from the AGN in optically thin limit hence thef(r) has an

inverse square dependence onr. The above written system of equations do not have a critical

point if the heating and mass injection is zero. However, fora finite energy and mass injec-

tion there is a critical point. For an extended energy and mass distribution the critical point

can be determined numerically as done for super star-cluster winds in Silich et al. (2011). To

extract maximum information analytically we have considered the energy and mass injection

to be confined in a region of radiusr = R, following Chevalier & Clegg (1985, hereafter

CC85). Therefore in the present case the critical point is situated right at the boundary of

central injection region.

In this work we do not consider the radiative cooling, as it isgenerally believed that the

energy loss via radiation over the entire wind is small and less dominant than the adiabatic

loss (Grimes et al., 2009), hence the cooling does not affectthe dynamics of the flow. How-

ever, it may still be important for the thermodynamics of theflow (see Appendix D) and may

result in the precipitation of the wind which can not be dealtwith the steady stable flow solu-

tions. The dynamics and survival of clouds formed by thermalinstability in the galactic wind

is also an important issue and it has been studied elsewhere in the category of cold winds

(Murray et al., 2011; Sharma & Nath, 2012; Marcolini et al., 2005; Cooper et al., 2009).

Therefore, we distinguish our model from that of the clumpy winds and in the present work

we study analytically the large scale dynamics of homogeneous steady outflow from a NFW

dark matter halo and its cosmological implications.

By introducing the mach numberM = v/cs, the above equations can be transformed to
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the following ordinary differential equation (see Appendix A for a complete derivation).

M2−1
M2(M2(γ−1)+2)

dM2

dr
= 2

r
− (1 + γM2) ṁ

ρv
− ṁ(1+γM2)

2ρv

(
Ė/Ṁ
ǫ(r)

− 1
)
+

(γ+1)(f(r)− dΦ(r)
dr )

2(γ−1)ǫ(r)

(5.4)

whereṁ = Ṁ/V andǫ(r) = v2

2
+ c2s

γ−1
. We will useγ = 5/3. As mentioned above, the

termsĖ andṀ represent the energy and mass injection in a central region of sizer = R,

beyond which they become zero. We useR = 200 pc for the present work.

5.2.1 Zero gravity case: Chevalier & Clegg’s solution

In this section we briefly reproduce the CC85 solution, therefore this subsection also serves

as a consistency check for equation (5.4). In the CC85 solution gravitational force of the

galaxy is not considered as the wind speeds were of the order of thousandkm s−1 which

is an order of magnitude larger than the circular speed of starburst galaxy M82. There is

no external driving force (f(r) = 0). Hence the main driving force is the energy injection

from SNe in a central200 pc region. The size of the central region also marks the boundary

where the energy injection and the subsonic part ends. The wind equation then can be solved

analytically for subsonic (M < 1) and supersonic (M > 1) part of the wind.

In order to derive the subsonic part of the solution, we can useṁ = 3ρv/r which results

from the integration of continuity equation. Therefore equation (5.4) becomes

M2 − 1

M2(M2(γ − 1) + 2)

dM2

dr
=

2

r
− 3(1 + γM2)

r
− 3(1 + γM2)

2 r

(
Ė/Ṁ

ǫ(r)
− 1

)
(5.5)

Direct integration of energy equation (5.3) by retaining the energy and mass injection and

neglecting the gravity and external driving results in,ǫ(r) = Ė/Ṁ = 2v2⋆ , where we have

defined a velocity parameter,v⋆ =
√
Ė/2Ṁ . It can be shown that at the critical point,

vcrit = v(R) = cs(R) = v⋆. Substituting thisǫ(r) in equation (5.5), we get,

M2 − 1

M2[(γ − 1)M2 + 2]

dM2

dr
=

−1 − 3γM2

r
(5.6)

This can be integrated to get the following solution,

δ<(M) =

(
3γ + 1/M2

3γ + 1

)− 3γ+1
5γ+1

(
γ − 1 + 2/M2

γ + 1

) γ+1
2(5γ+1)

=
r

R
; r < R (5.7)

Following similar steps and additionally dropping the injection terms, we can evaluate

supersonic part of the solution. Analytically it implies setting Φ = f = Ṁ = Ė = 0 in the
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wind equation (5.4). Therefore, we are left with the following differential equation,

M2 − 1

M2[(γ − 1)M2 + 2]

dM2

dr
=

2

r
(5.8)

This can be integrated to get the following solution for the supersonic part of the wind,

δ>(M) = M 2
γ−1

(
γ − 1 + 2/M2

γ + 1

) γ+1
2(γ−1)

=
( r

R

)2
; r > R (5.9)

These expressions were arrived at by CC85. We shall use thesedefinitions ofδ<(M) and

δ>(M) in the rest of this chapter. The terminal velocity of the windin this solution can be

obtained easily from the energy equation which givesǫ(r) = v2/2 + c2s/(γ − 1) = 2v2⋆. For

r → ∞, the sound speed can be neglected and we getv∞ = 2v⋆ = (2Ė/Ṁ)1/2 . In the

supersonic part of the wind forM > 1 the relation in equation (5.9) can be approximated by

M3 ∝ r2. Therefore, when the velocity attains its terminal value, thenc2s ∝ T ∝ r−4/3 and

ρ ∝ r−2.

5.3 SN driven winds from NFW halo

In this section we study the effects of NFW dark matter halo onthe wind velocity in detail.

One can therefore consider the calculation in this section as an extension of the supersonic

part of CC85 solution. We proceed first by fixing the dark matter halo parameters in the next

subsection.

5.3.1 Dark matter halo properties

Here we discuss the properties of the NFW dark matter halo which will be used through-

out the rest of the chapter. We consider a Navarro Frank and White(NFW) dark matter

halo with a density profileρ = ρsr
3
s/[r(r + rs)

2] (Navarro et al., 1996). For a dark mat-

ter halo of total massMh, which collapses at a redshiftz, the virial radius is given by

rvir = [3Mh/(4π∆c(z)Ω
z
mρcrit)]

1/3(1+ z)−1 Where∆c is the critical over density which can

be written as∆c(z) = 18π2−39d2z+82dz, with dz = Ωz
m−1 andΩz

m = Ωm(1+z)3

Ωm(1+z)3+ΩΛ+Ωk(1+z)2

with parameters having their usual meaning (Bryan & Norman,1998; Bullock et al., 2001).

We setΩm = 0.258, ΩΛ = 0.742, h = 0.72, according to the results from WMAP5 (Ko-

matsu et al., 2009). Using these values, the virial radius can be written as

rvir = 210

(
Mh

1012 M⊙

)1/3 [
Ωm

Ωz
m

∆c(z)

18π2

]−1/3

(1 + z)−1 kpc (5.10)
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The corresponding circular speed is,vc =
√

GMh/rvir. So it can be written as,

vc = 143

(
Mh

1012 M⊙

)1/3 [
Ωm

Ωz
m

∆c(z)

18π2

]1/6
(1 + z)1/2 km s−1 (5.11)

The gravitational potential due to the NFW dark matter halo can be written as,

ΦNFW = − GMh

ln(1 + c)− c/(1 + c)

ln(1 + r/rs)

r
= −2v2s

ln(1 + r/rs)

r/rs
(5.12)

In this v2s = GMh/2Crs andC = ln(1 + c) − c/(1 + c). Also rs = rvir/c is the NFW

scale radius withc as the halo concentration parameter which depends on both halo mass

and the redshift of virialization. We use the fitting formulafor c given by Muñoz-Cuartas

et al. (2011).

5.3.2 Effect of dark matter halo on winds

We study the effect of gravity in the supersonic part of the solution. In the subsonic part, the

NFW gravity does not make a difference as shown in Appendix B.Therefore the subsonic

part is same as in the previous section and we can assume that the energy injection propels

the gas to a speed ofvcrit = v⋆ = (Ė/2Ṁ)1/2 at the critical point. To study the supersonic

solution beyond the critical point (r > R) , we setĖ andṁ equal to zero, and use the NFW

potential in equation (5.4), which results in the followingequation for the supersonic part,

M2 − 1

M2[(γ − 1)M2 + 2]

dM2

dr
=

2

r
− 2

ǫ(r)

dΦNFW(r)

dr
(5.13)

whereǫ(r) = v2/2 + c2s/(γ − 1). From the direct integration of energy equation we obtain

v2

2
+

c2s
γ − 1

+ ΦNFW(r)

∣∣∣∣
r

R

= 0

⇒ ǫ(r) = 2v2⋆ + ΦNFW(R)− ΦNFW(r) (5.14)

where we have used the value of velocity at the critical pointasvcrit = v(R) = cs(R) =

v⋆ = (Ė/2Ṁ)1/2 Substitution of thisǫ(r) in equation (5.13) followed by integration results

in,

ln |δ>(M)| = 2 ln |r|+ 2 ln |2v2⋆ + ΦNFW(R)− ΦNFW(r)|+ const. (5.15)

whereδ>(M) is defined in equation (5.9). In Appendix C we have plotted thecontours of

M versusr for an arbitrary value of constant. For the analysis here we pick the solution

which has a critical point at radiusR. To pick that solution we set,δ>(M) = 1 andr = R
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in the above equation which fixes the constant and we get,

δ>(M) =
[ r
R

]2 [2v2⋆ + ΦNFW(R)− ΦNFW(r)

2v2⋆

]2
(5.16)

Using the definition ofΦNFW given in equation (5.12) we get,

δ>(M) ≃ (r/R)2
[
1− v2s

v2⋆

(
1− ln(1 + r/rs)

r/rs

)]2
(5.17)

wherevs =
√

GMh/2Crs. Comparing with equation (5.9), one can clearly see that the

solution picks up an additional term due to the gravitational force of NFW halo. The solu-

tion has three different regimes depending on the value of the ratiov2⋆/v
2
s , as described below

• case 1 :v2⋆ >> v2s

This is the case when the initial injection upto the criticalpoint is very strong and

hence the wind velocity at the critical point is large. Then we can neglect the ratio

v2s/v
2
⋆, and we get

δ>(M) = (r/R)2 (5.18)

The NFW halo has negligible effect in this particular case and we have recovered the

supersonic part of CC85 solution.

• case 2 :v2⋆ = v2s
In this case we get

δ>(M) =
(rs
R

ln(1 + r/rs)
)2

(5.19)

which shows that the gravity of dark matter halo affects the flow significantly. As

there is a logarithmic dependence in the above equation, therefore in largeM limit,

the Mach number and hence the velocity increases slowly withr, in comparison to the

case without gravity.

• case 3 :v2⋆ < v2s
In this interesting case, we find that the wind speed decreases and finally becomes zero

at some distance. This distance is decided by the ratiov2⋆/v
2
s , and can be determined

by requiring that R.H.S = 0 at somer = rF. We get,

ln(1 + rF/rs)

rF/rs
= 1− v2⋆

v2s
(5.20)

If the ratio v2⋆/v
2
s ∼ 0 thenrF ∼ 0 from the above equation, which contradicts the

assumption in deriving this solution as it is a supersonic solution and valid forr > R.
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Figure 5.1: The wind velocity in the supersonic regime for the solution with Navarro-Frenk-White dark matter
halo. The reference mass used isMh = 1012M⊙. The solid, dashed and dotted line are forv2⋆/v

2
s = 10, 1, 0.3

respectively. The x-axis starts atr = R = 200 pc and ends at the virial radius of the halo.

It implies that the ratio needs to have a finite value so that weget,rF > R. Therefore,

in this case wind starts with velocity being equal to the sound speed atr = R and then

stops at a distancerF.

Another interesting result which can be deduced from the above equation is the con-

dition for escape of the wind. Ifv⋆ = vs thenrF = ∞, which means that winds will

escape the galaxy. Hence any heating occurring at the base need to somehow propel

the gas at least to a speed of∼ vs so that the gas can escape the galaxy.

In Figure 5.1 we plot the supersonic wind velocity for a reference halo massMh = 1012 M⊙

with other NFW parameters calculated using definitions in§5.3.1 atz = 0. The value of

vs = 236 km s−1 for this halo. The solid line is forv2⋆ = 10v2s and in this case the injection

is large so that the gravity of the halo does not affect the flow. That is why the solid line

leaves the plot window and the wind velocity at largest distance is≈ 1500 km s−1 which

is double the value atr = R in agreement with the resultv∞ = 2v⋆ of previous section on

the solution of CC85. The dashed line represents the case 2 when v⋆ = vs and the NFW

gravity is important. Consequently the velocities are reduced and at the virial radius, we

get a wind velocity∼ 200 km s−1 . The dotted line is forv2⋆ = 0.3v2s and it represents the

case 3 discussed above. This line exhibits the flow which endsinside the galactic halo at a

final radius,rF ∼ 50 kpc. We find that for the lowv⋆ values, which implies a low value of

velocity at the critical point, the gas stops at some point within the halo. We note that similar

solutions were obtained by Wang (1995) for power-law potential, and for specific values of

wind speed and mass loss rate, but the calculations were donenumerically. The analytical
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model presented here generalizes these solutions to NFW halo and to general values of wind

speed.

5.4 Injection parameters and value ofv⋆

In the last section we discussed the importance of the ratio,v2⋆/v
2
s = Ė/(2Ṁv2s). Here

we would like to determine the possible values ofv⋆ which we will use for the rest of

the analysis. We can define the energy injection from supernovae per unit time aṡE =

αfSNṀ⋆ × (1051 erg) where1051 erg is the energy output of a single supernova,α is the

fraction of this energy retained by the gas after radiative energy losses,Ṁ⋆ is the SFR in

solar mass per year andfSN stands for energy injection per year per solar mass of star for-

mation. For a Kroupa-Chabrier IMF,fSN ∼ 1.26× 10−2. Therefore we have,

Ė ≈
[
α Ṁ⋆ (4× 1041)

]
erg s−1 (5.21)

The mass injection rate is written as

Ṁ = βRfṀ⋆ (5.22)

WhereRf is the return-fraction. Typically 30% of the mass is returned to the ISM hence

Rf ≈ 0.3. The factorβ takes into account the entrainment of mass from ISM which can

increase the overall mass injection. For the starburst galaxy M82,β is in the range 1.0 to 2.8

which givesṀ ∼ 1.4 – 3.6M⊙ yr−1 (Strickland & Heckman, 2009). Martin (1999) found

that for a range of galaxies from low to high masses the mass loss rate roughly scales with

SFR (see also Heckman, 2002). We therefore useṀ ∼ Ṁ⋆, which corresponds toβRf ∼ 1

.

With these value oḟE andṀ we estimate the value ofv⋆ which is(Ė/2Ṁ)1/2 = 562
√
α

km s−1 . We consider two modes of energy injection from SNe. In the first case, almost 90%

of the energy of SNe is lost via radiation and only a small fraction goes into heating of the

wind. For this ’quiescent mode’, we useα = 0.1 which givesv⋆ ≈ 180 km s−1. In the other

case, when the central injection region is dense and the supernovae are overlapping so that

radiative losses reduce, and due to thermalization, 30% to 100% of the supernova energy

goes in heating the wind (Strickland & Heckman, 2009). This type of situation is evident in

galaxies like M82 where the SFR is generally high and the injection regions are supposedly

quite dense. For such a caseα = 0.3 – 1.0 and we getv⋆ ≈ 308 – 562 km s−1. To represent

this mode we takev⋆ = 500 km s−1 . We will call this the ’starburst mode’.

The values ofv⋆ chosen here brackets the range of the possible values. We emphasize
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that this range ofv⋆, when equated with sound speed corresponds to a temperaturerange of

roughly∼ 0.2 –1 keV, which is consistent with the hot wind temperatures observed in a wide

range of galaxies (Martin, 2005). On the other hand the quiescent mode (v⋆ = 180 km s−1

) is suitable for the galaxies with low values of SFR, like ourown Galaxy. This particular

mode also yields interesting results, and we will discuss the implications in a later section.

5.5 Winds in the presence of AGN

The AGN is important as it gives a strong momentum injection to the gas via its radiation

field. A large fraction of AGNs show the evidence of outflowinggas, and it is possible that all

AGNs drive outflows and they are observed when they are viewededge-on. Theoretically,

these outflows have been associated with the co-evolution ofblack holes and the bulge of

the host galaxy (Silk & Rees, 1998; King, 2003, 2005). How theAGN interacts with the

ISM of the host galaxies and whether it can drive a large scaleoutflow which can escape the

galaxy is an important question. AGN can affect the gas in thehost galaxy indirectly where

it produces fast nuclear winds which shock the ISM into shells. The fate of these shells is

then decided by the supply of energy and momentum injection from the inner regions. Apart

from this indirect way AGN can also interact with the dust-rich ISM directly via its radiation

field. This interaction is capable of driving large scale outflows (Murray et al., 2005). Here

we consider this mechanism and model the outflows as being driven by (Eddington limited)

continuum radiation from the black hole.

5.5.1 Effect of momentum injection from AGN

Momentum injection can be provided by the AGN in several ways. Firstly it can be provided

via the scattering of photons by the free-electrons. As the Thompson opacity is generally

small (κT ≈ 0.34 cm2 gm−1 for a fully ionized gas with solar metallicity), this may be

effective in the regions close to AGN where the densities arequite large and the radiation

field is strong. Another way momentum is transferred to produces outflows is via line driving

mechanism (Murray et al., 1995; Proga et al., 2000). We consider the momentum injection

via the absorption and scattering of AGN radiation by dust grains. Dust opacities are rather

high and recent models of momentum driving of outflows due to AGNs and galactic radiation

as well, consider the scattering of photons by dust grains. The gas is assumed to be coupled

to these grains through momentum coupling, and get dragged.We justify this assumption in

Appendix E.

Let us derive the force due to momentum injection by AGN radiation (f(r)) which then
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will be substituted in equation (5.4). In its general form, the momentum injection from a

radiation field can be written as,

f(r) = κ
F
c

(5.23)

whereκ is the volume averaged opacity,F stands for the frequency integrated flux of radia-

tion and c is the speed of light. For spherical symmetry and for a optically thin atmosphere,

the radiation flux can be written asF = L/4πr2. Hence the force of radiation becomes

κL/4πr2c. This force has an inverse square dependence on r, hence it can be represented as

a factor (Γ) times the gravitational force of the black hole. Therefore, if the gravity of the

central black hole is given byfgrav = −GM•/r
2 then in the presence of an outward radiation

force, the effective force is written asfg,eff = −(1− Γ)GM•/r
2 with Γ = κL/(4πGM•c).

For Γ = 1, the effective force is zero, and for the case of Thompson scattering the corre-

sponding luminosity is called the Eddington luminosity (LE). The luminosity required to

exactly cancel the gravitational force may be different depending on the opacity and process

responsible for momentum injection. For example, in case ofscattering of UV light by dust,

for which the opacity is roughly 3500 times the electron-scattering opacity (Draine, 2003),

only a luminosity of∼ 0.001 LE is required to counter the black hole gravity. However,

it has been showed recently that most of the UV photon field from the AGN may get at-

tenuated within a short distance because of the large optical depths in AGN environments

(Novak et al., 2012). In that case the re-radiated Infrared(IR) photons serve as the mainstay

of AGN radiation (see also Dorodnitsyn et al. (2011). Therefore in this work we consider

the momentum injection from IR radiation. IR to dust scattering opacity is,κIR = 13 cm2

gm−1, in K band (Li & Draine, 2001; Draine, 2003) for a gas to dust ratio of 125. Opacity

in IR is not as large as it is in UV, however we find that it is large enough to drive strong

outflows in massive galaxies. Hence the momentum injection force in our case becomes,

f(r) =
κIRL

4πr2c
= Γ

GM•

r2
(5.24)

whereΓ = κIRL/(4πGM•c). We consider an Eddington limited AGN (L = LE), where

LE = (4πGM•c/κT ) is the usual Eddington luminosity for electron scattering.This fixes

the value ofΓ = κIR/κT ≈ 38 , for our case.

We need to justify that the atmosphere is optically thin in IRso that we can work with a

constantΓ. In order to do this we estimate the optical depth for IR light. Optical depth can be

estimated as,τ ∼
∫
κρ(r)dr. UsingκIR = 13 cm2 gm−1 andρ ∼ 10 mp cc−1which, as we

will see is an upper limit for density in our wind models, the optical depth comes out to be

0.01 at20 pc and0.13 at200 pc. Even at the edge of the injection region the optical depthis

very small, hence we conclude that the atmosphere is optically thin to IR radiation. Beyond
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200 pc, the density decreases rapidly, as the wind expands adiabatically in the supersonic

regime. As we will see in next section, density becomes as lowas0.001 mp cc−1 at 10 kpc,

hence the wind material stays optically thin to IR radiationat large distances as well.

Let us consider the supersonic section of the wind in which both SNe and AGN radiation

are effective. (See Appendix B for the subsonic part of this wind.) For the supersonic part

the energy and the mass injection both are zero, although thegravity due to NFW halo and

the effective force due to radiation and gravity from the central AGN are present. The total

potential can be written as,

Φtotal(r) = Φ•(r) + ΦNFW(r) = −GM•

r
− 2v2s

ln(1 + r/rs)

r/rs
(5.25)

With the aid of this total potential and the momentum injection termf(r) = ΓGM•/r
2, the

wind equation (5.4) for supersonic part (r > R) can be written as,

M2 − 1

M2[(γ − 1)M2 + 2]

dM2

dr
=

2

r
− 2

ǫ(r)

(
(1− Γ)GM•

r2
+

dΦNFW(r)

dr

)
(5.26)

Next we integrate the energy equation directly as below,

ǫ(r)− (1− Γ)GM•

r
+ ΦNFW(r)

∣∣∣∣
r

R

= 0

⇒ ǫ(r) =
[
2v2crit − 2(1− Γ)v2• + ΦNFW(R)

]
+ 2(1− Γ)v2•

R

r
− ΦNFW(r) (5.27)

where we have usedǫ(R) = 2v2crit = 2v2⋆ − (1 − Γ)v2•, from Appendix B for the subsonic

section of this wind. We have also usedv2• = GM•/2R. The term inside the square bracket

in the above equation is a constant, so if we substitute eq (5.27) in 5.26 it becomes exactly

integrable and we get,

ln |δ>(M)| = 2 ln |r|

+ 2 ln

∣∣∣∣2v
2
crit − 2(1− Γ)v2• + ΦNFW(R) + 2(1− Γ)v2•

R

r
− ΦNFW(r)

∣∣∣∣+ const.

(5.28)

Using the condition∗, δ>(M) = 1 at r = R, and substituting the expression for NFW

potential we get,

δ>(M) ≈ (r/R)2
[
1− (1− Γ)

v2•
v2crit

(
1− R

r

)
− v2s

v2crit

(
1− ln(1 + r/rs)

r/rs

)]2
(5.29)

∗By imposing this condition we have picked the solution whichbecomes supersonic atr = R = 200 pc.
To see the complete solution space the reader is referred to theM versusr diagrams in Appendix C.
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wherev2crit = v2⋆ − (1− Γ)v2•/2. This equation gives the complete solution of the wind from

a galaxy driven by energy injection from SNe and momentum injection from the AGN. Let

us discuss some asymptotic behaviours,

• Terminal speed :

We use the Bernoulli equation (5.27) to obtain the terminal speed. Taking the limit

r → ∞ in equation (5.27) and neglecting the sound speed we obtain the following

general expression for terminal speed of SNe and AGN driven wind from a NFW halo,

v∞ = 2

(
v2⋆ +

3

2
(Γ− 1)v2• − v2s

)1/2

(5.30)

Herev2s = GMh/(2Crs). In the absence of dark matter halo and the AGN we can

neglectvs andv• which givesv∞ = 2v⋆. However in presence of NFW gravity but

no AGN we get the relationv∞ = 2
√
v2⋆ − v2s . For dwarf galaxies, the effect of NFW

gravity can be neglected, and therefore the wind speed in starburst mode is expected

to bev∞ ≈ 1000 km s−1 , consistent with observations of winds in starburst galaxy

M82. If the black hole is massive so that thev• dominates then by neglectingv⋆ and

vs and puttingΓ = 38, we getv∞ ≈ 15v•, which for a black hole of mass∼ 109 M⊙

estimates tov∞ ∼ 1500 km s−1 .

• Behaviour withr :

In equation (5.29) if the SNe injection term (v⋆) is dominant then we getM3 ∝ r2.

When the wind is moving with constant terminal speed,T ∝ r−4/3 andρ ∝ r−2 as

derived in§2.1. If the AGN provides the main driving then neglectingvs andv⋆ from

equation (5.29), for large r, we once again retainM3 ∝ r2, and hence the scaling

T ∝ r−4/3. The density scales asρ ∝ r−2.

It is clear that, apart from thev⋆, the wind properties depend on two more terms. One

involvesv• which is a parameter of the black hole and the other beingvs, which depends on

the mass of NFW halo. To proceed further we need to learn whether the black hole mass is

somehow related to dark matter halo.

Observations show that the black hole mass is related to the velocity dispersion of the

central spheroidal bulge component of the galaxies, and therelation can be written as

log

(
M•

M⊙

)
= a+ b log

( σ

200 km s−1

)
(5.31)

This correlation has been extensively studied in the literature, with slightly different values

for a andb. We will list a few of them. Gebhardt et al. (2000) was one of the earliest to
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report the correlation witha ≃ 8.08 ± 0.07 and b = 3.75 ± 0.3. Ferrarese (2002) gives

a ≃ 8.22±0.08 andb = 4.58±0.52. Values in Tremaine et al. (2002) readsa = 8.13±0.06

andb = 4.02± 0.32. For our analysis we usea = 8.12 andb = 4.24 from a recent study by

Gültekin et al. (2009).

We also use a relation between theσ and circular speedvc. Ferrarese (2002) reported

a correlation between the circular speed in outskirts of galaxy and theσ, given roughly as

vc ∝ σ0.84±0.09. Similar relations were also deduced by Baes et al. (2003) and Pizzella et al.

(2005). All these relation are very close to the linear relation vc =
√
2σ for spherical mass

distribution (Binney & Tremaine, 2008), found in massive ellipsoidal galaxies where the

bulge to total mass ratio is unity (see also Volonteri & Stark2011). Hence for our analysis

we usevc =
√
2σ.

The relation betweenvc andσ breaks down for low mass galaxies (Ferrarese, 2002). It

is easy to understand this as the lower mass galaxies may admit a bulge to total mass ratio

less than unity. Hence the galaxies with smaller bulges willhave the mass of their black

holes smaller than the one expected fromM•–σ–vc relation. On similar grounds, Kormendy

& Bender (2011) concluded against the co-evolution of central black hole and dark matter

halo. However, they also showed that a cosmic conspiracy causesvc to correlate withσ for

massive galaxies (vc & 200km s−1 ).

We would like to emphasize here that even if thevc–σ relation breaks down below a

vc . 200 km s−1 , still it does not make a difference in our results because the AGN term

is effective only for very massive systems. In equation (5.26) it is the relative values of

v• andvs, which govern the dynamics. Forvc=200 km s−1 , usingc = 12 we getvs =

(GMh/2Crs)1/2 ≈ 400 km s−1 which is larger than(
√
Γ− 1)v• ≈ 100 km s−1 , and the

black hole term is even smaller forvc < 200 km s−1 .

Using theM•–σ relation provided by Gültekin et al. (2009), aided with therelationσ =

vc/
√
2, wherevc is given by equation (5.11) we arrive at the following relation between black

hole mass and the halo mass (see also Volonteri & Stark (2011)).

(
M•

0.74× 107 M⊙

)1/
√
2

≃
(

Mh

1012 M⊙

)[
Ωm

Ωz
m

∆c(z)

18π2

]1/2
(1 + zvir)

3/2 (5.32)

wherezvir is the redshift at which the halo collapsed and got viriallized. This relation can be

used to determinev• as a function of halo mass through,v• = (GM•/2R)1/2. Substituting

v• andvs =
√

GMh/2rsC in equation (5.29) withrs andC determined from the redshift

dependent definitions for NFW parameters given in§5.3.1. This enables us to compute the

mach numbers as a function ofr for the galaxy of any desired halo mass(Mh) and its halo

collapsing at any desired redshift. The mach numbers can then be converted to the velocity
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simply by multiplying it with the sound speed which can be obtained using the relation

c2s = ǫ(r)/(M2/2 + 1/(γ − 1)).
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Figure 5.2: Wind velocity at virial radius as a function of halo mass for four different redshifts of collapse,
zvir = 0, 2, 4, 6 in the panels from top-left to bottom-right respectively. The thin red lines in each panel are for
starburst mode (v⋆ = 500 km s−1 ) and thick blue ones are for quiescent mode (v⋆ = 180 km s−1 ). Dashed
line represent the outflow speeds without AGN. The green bar on x-axis in top two panels gives the range of
galaxies in which the gas reservoirs in halos are observed (Tumlinson et al., 2011).

In Figure 5.2 we plot the wind velocities at virial radius† (vwind,vir) as a function of halo

mass(Mh). The velocities are obtained by solving equation (5.29) with inputs from equation

(5.32) and definitions in§5.3.1. We show the results corresponding to four different value

of zvir in four panels. red lines are for the starburst modev⋆ = 500 km s−1 and the blue

lines are for the quiescent modev⋆ = 180 km s−1 . The dashed lines represent the solution

without AGN and these show that the wind velocities cut of at some halo mass as the gravity

becomes strong enough to counter the energy injection. For larger value ofv⋆ this cut-off

occurs at a larger halo mass.

Consider a situation in which for low halo masses the AGN driving term is smaller than

the NFW gravity term. This implies that the wind velocity at virial radius in low mass halos

decreases with increase in halo mass. However, the black hole mass also increases with the

†Wind velocity at virial radius (vwind,vir) need not be equal to the the terminal speed at infinity (v∞) as the
later is calculated by using the fact that the gravitationalforce at the infinity is zero while in case ofvwind,vir

there may be a contribution from NFW gravity at virial radius.
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halo mass. Since the slope ofM•–Mh relation is greater than unity, hence the rate of increase

of the black hole or AGN term is larger and at a particular halomass it overcomes the NFW

gravity term. Hence for largest galaxies we should see an increase in wind velocity with halo

mass, which indeed is the case as shown by rising solid lines for massive halos. One can

further compare the solid lines with dashed lines where the latter represent the case without

the AGN and does not show any winds in high mass galaxies, which is a confirmation of the

fact that in high mass galaxies outflows are driven by AGN.

The thick solid blue curve is special as it features the wind quenching due to NFW gravity

as well as the high velocity winds due to AGN. There is a falling part of the curve which

exhibits the cut off at some halo mass and then there is another part which rises at some

larger halo mass. Hence there exist a range of halo masses roughly within 1011–13M⊙, which

do not have escaping winds. The exact value of this range depends on the redshift of collapse

(zvir). For example atzvir = 0 the rising part of the thick blue curve, which shows the effect

of AGN, starts rising beyond a halo mass of1013M⊙ while for zvir = 2 it rises roughly at a

halo mass∼ 1012M⊙. This is easy to understand as the AGN driving depends on the black

hole mass which does increase with redshift (see equation 5.32). Also the falling part of

the thick blue curve ends at a smaller halo mass for a larger value of zvir, because the value

of vs increases with redshift. We would like to mention here that the recent detection of

gas reservoirs in the halos of galaxies by Tumlinson et al. (2011) covers roughly the similar

range in halo masses shown by the green bar on x-axis in upper two panels of Figure 5.2.

If we focus on the wind velocities in lower to intermediate mass halosMh < 1012M⊙,

we find that AGN never dominate in these and if there are winds they have to be driven

by starbursts and SNe. We note that the wind velocities in lowmass galaxies fall in the

range400–1000 km s−1 , depending on the efficiency of the energy injection process. These

velocities agree with the ones inferred from the X-ray temperatures of the superwind regions

in dwarf straburst and luminous infrared galaxies (Heckmanet al., 2000; Martin, 1999).

However, in case of galaxies with halo mass,Mh & 1012.5M⊙ the wind velocities either

exceed 1000km s−1 or they are quenched, depending on whether the AGN is presentor not.

We note that in low mass galaxies where the outflows are drivenby SNe, the wind veloc-

ity, vwind . 1000 km s−1 . However, this limit is exceeded when an AGN is present, since

the curves with AGN show wind velocities& 1000 km s−1 . This reveals the presence of a

dividing line of 1000km s−1 between SNe and AGN domination in velocity space as well.

In a hot wind with velocity ofvwind the neutral clumps in the wind can be dragged via the

ram pressure. Maximum velocity these clouds can achieve is the velocity of the hot wind.

As mentioned above,vwind is always within 1000km s−1 at the low mass end where SNe

injection dominates, therefore the cold clouds should alsobe outflowing with velocity lower
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than 1000km s−1 . On the other hand at the higher mass end, where the AGN dominates,

the velocities may exceed this limit. Interestingly, the observed outflow speeds of the neutral

clouds in diverse galaxies like dwarf starbursts, ULIRGs, post-starburst galaxies and Low-

ionization BAL quasars also follow this trend (Tremonti et al., 2007; Sturm et al., 2011;

Trump et al., 2006).

It has been debated in the literature that the neutral cold/warm winds in ULIRGs are

driven by ram pressure of the hot wind and/or radiation from stars in the galaxy or by the

AGN. If we consider the winds driven by stellar radiation then the wind speed is roughly

3 times the circular speed of the galaxy (Murray et al., 2005;Martin, 2005; Sharma et al.,

2011). For a massive ULIRG with a circular speed∼ 300 km s−1 the wind velocity predicted

by radiation driven wind model will be900 km s−1 . On the other hand, if ram pressure

is the driving mechanism, then also the velocities of the continuous hot wind and hence

of the neutral clouds can not exceed 1000km s−1 unless an AGN is present. Therefore

we emphasize that the observations of wind velocity in excess of 1000km s−1 indicate the

presence of an AGN.

5.5.2 Wind properties with distance : Implications for gas observed in

galactic halos

In the last section we have established that for a particularmass range the galactic winds

may not escape the galaxy. Therefore these galaxies are not very important for the inter-

galactic medium (IGM) enrichment. Interestingly our MilkyWay with a total mass roughly

∼ 1012M⊙, also falls in this mass range. However, an important question arises for these

type of galaxies, as to whether or not these galaxies can retain all the gas in the disk even

though they can contain the gas insidervir.

We show in this section that infact these galaxies have outflows which spill their gas

reservoir throughout the halo. In Figure 5.3 we show the radial dependence of wind proper-

ties for three galaxies which differ in the values of their halo mass. We have considered the

halos collapsing at a redshift ofzvir = 2 which corresponds to a look-back time of roughly

∼ 10 Gyr. We choose this collapse redshift, as a fiducial value, inorder to model galaxies

like Milky Way and more massive galaxies, whose halos were already in place byz ∼ 2.

The thick disk in our Galaxy shows that Milky Way underwent its last major merger before

∼ 10 Gyr, which corresponds toz ∼ 2 (Gilmore et al., 2002). Therefore our results can be

compared with observations of winds at low redshift (z ≤ 2) universe.

In Figure 5.3, the thick blue lines refer to the quiescent mode (v⋆ = 180 km s−1 ) and

the thin red lines represent the starburst mode (v⋆ = 500 km s−1 ). The solid lines denote
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Figure 5.3: The wind properties as a function of distance from the base. Legend is same as in Figure 5.2. From
left to right, the three columns correspond to three different halo masses, representing a dwarf galaxy, a Milky
Way size galaxy and a giant galaxy respectively. The x-axis in all the plots extend upto the corresponding virial
radius. The solid lines represent the winds in presence of anEddington limited AGN and the dashed lines, the
case of no AGN. Thin red lines represent the starburst mode (v⋆ = 500 km s−1 ) and the thick blue lines are for
the quiescent mode (v⋆ = 180 km s−1 ). The middle row contains the temperature profiles of winds in three
galaxies. The lowermost row shows the densities. To calculate densities we have useḋM⋆ = 1, 3, 10 M⊙ yr−1

for v⋆ = 180 km s−1 , andṀ⋆ = 10, 30, 100M⊙ for v⋆ = 500 km s−1 , for three galaxies respectively.

the effect of AGN activity and dashed lines consider only theSNe injection. The upper

panels plot the velocity as a function of radius, and the middle and bottom panels plot the

temperature and densities respectively. The densities areestimated using the relationρ =

Ṁ/4πvr2, whereṀ ∼ Ṁ⋆. For three galaxies withMh = 1011, 1012, 1013M⊙, we have

usedṀ⋆ = 1, 3, 10 M⊙yr−1 for quiescent mode anḋM⋆ = 10, 30, 100 M⊙yr−1 for starburst

mode respectively.

The curves show that for low mass galaxies, all types of winds(with or without AGN,

quiescent and starburst mode) escape the virial radius. At the other extreme, for massive

galaxies, winds with AGN activity can escape, but without anAGN, they stop at a distance

within the halo (∼ 10–200 kpc). The gas temperature and density slightly rises at thisfinal

halting point due to adiabatic compression. We would like tomention here that the radiative

cooling can be important for these particular cases as the steady solution ceases to exist

beyond a point. Even if the cooling time is shorter than the flow time initially, after many flow
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crossing times the cooling will become effective which may cause thermal instability. This

can lead to formation of clouds whose fate then will be decided by the physical properties in

their environment (see also Wang 1995).

For the intermediate mass galaxy (Mh ∼ 1012M⊙), we find that both of the thick blue

lines (i.e., quiescent mode of star formation with or without AGN) are contained inside the

virial radius. This implies that the wind needs strong starburst activity in order to escape the

galaxy irrespective of whether or not AGN is present. The dashed thick blue line corresponds

to a quiescent mode of star formation without AGN and roughlycorresponds to our own

Galaxy. Interestingly, we find that a slow wind is possible, which may extend to a distance

of ∼ 20 kpc. This can explain the recent observations of clouds roughly at10–20 kpc in our

halo (Keeney et al., 2006).

The solutions which end insidervir are important in the wake of recent observation of

warm-hot gas clouds in the halo of our galaxy and for other galaxies as well (Tumlinson

et al., 2011). Also recent simulations confirm these gas reservoirs around the galaxies of

intermediate masses. Recent works find that although in the general scenario of galaxy for-

mation the intermediate mass galaxies are efficient in retaining their baryons, these galaxies

do not retainall of the baryons. It appears that only 20% to 30% of baryons are converted to

stars in these galaxies as well (Somerville et al., 2008; Moster et al., 2010; Behroozi et al.,

2010). Our results provide a natural explanation for the missing baryons in these intermedi-

ate mass galaxies.

5.6 Discussions

In this chapter we have studied galactic outflows driven by SNe injection and AGN radiation.

We have calculated the outflow properties in halos ranging from low to high mass. The

treatment is analytical which enabled us to extract fundamental results for these feedback

processes. Below we present a simple analytical estimate ofthe stellar to halo mass ratio of

galaxies, following the work of Granato et al. (2004); Shankar et al. (2006). Afterwords we

recapitulate and discuss the results obtained in this work and a few caveats.

In the scenario of hierarchical structure formation low mass galaxies form at earlier times

and post formation history is influenced by mergers and the periods of enhanced star forma-

tion activity. The semi-analytical modelling (SAM)(see Baugh 2006), which uses simple

recipes for feedback and follows the structure formation according toΛCDM model, can ex-

plain the observed properties of galaxies (Somerville et al., 2008). In recent years there have

been a growing amount of observational evidence that the massive black holes were already

in place at high redshifts. Also, it is well accepted that themassive galaxies formed their
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stars at earlier epochs as they appear redder at present times, compared to the younger galax-

ies in which star formation is still going on (Fontanot et al., 2009, and references therein).

This phenomenon, which are commonly referred as ’downsizing’, indicate a possible role the

massive black holes would have played in quenching the star formation in massive galaxies

at earlier epochs (Somerville et al., 2004; Granato et al., 2004; Croton et al., 2006). We fol-

low the semi-analytical scheme proposed in Granato et al. (2004) for which an approximate

analysis is provided in the Appendix A of Shankar et al. (2006), using which, we can write

the rate of change of cool gas in halos as,

Ṁcold(t) =
Minfall(t)

tc
− Ṁ⋆(t) +RfṀ⋆(t)−LṀ⋆(t) , (5.33)

whereRf is the return fraction of stars whose value is0.3 for a Salpeter IMF.LṀ⋆ is the

mass loss rate,tc is the cooling time.Minfall(t) is the mass available in the halo for infall at

a timet . Equation (5.33) can be solved to obtain a time independant solution in large time

limit and yields a stellar mass at present epoch as (see equation (17) in Shankar et al. 2006),

M⋆ = fsurv
fcosmMh

1−Rf + L , (5.34)

wherefcosm = 1/6 is the cosmic baryon ratio,fsurv is the fraction of stars surviving up

to now and its value is approximately0.6 for a Salpeter IMF. Asfsurv, fcosm andRf are

constants, therefore we getMstar ∝ Mh/L. In case of SNe feedback the feedback factor

is written asL = αfSN (1051 erg)
Ebind

, whereEbind = [v2cf(c)(1 + fcosm)/2] with f(c) as given in

Mo et al. (1998), represent the binding energy of gas in the halo per unit mass. The quantity

in the numerator is nothing buṫE/Ṁ = 2v2⋆ wherev⋆ is the value of velocity at the critical

point for the case of only SNe injection and no AGN. When the AGN is also present we

can use the modified value of velocity at the critical point given in equation (5.27) which is

v2crit = v2⋆ − (1 − Γ)v2•/2. Hence in the case of both SNe and AGN feedback we can write

the loss termL as,

L =
2v2crit

1
2
v2cf(c)(1 + fcosm)

=
2[v2⋆ − (1−Γ

2
)v2• ]

1
2
v2cf(c)(1 + fcosm)

(5.35)

vcrit is the velocity at the critical point andvc the virial velocity of the halo. While the

velocity at the critical point measures the strength of SNe and/or AGN as a mechanism of

mass expulsion, the velocity at the virial radius is a measure of binding energy of the halo.

For NFW halo,vc ∝ M
1/3
h . Also v2• ∝ M• ∝ M1.41

h (see equation 5.32). Using these we
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get

M⋆ ∝
Mh

1−Rf +
4v2⋆+CM1.41

h

DM
2/3
h

∝ M
5/3
h

A+ CM1.41
h

(5.36)

whereC, D are constants andA = [0.8f(c)v2c + 4v2⋆]. From the above relation, for a fixed

value of v⋆, we find that for small halo masses we haveM⋆ ∝ M
5/3
h and for large halo

masses, when the AGN dominates, we getM⋆ ∝ M0.26
h . The break occurs andM⋆/Mh

peaks roughly in the range∼ 1012–12.5M⊙ as the ratiov2crit/v
2
c becomes minimum around

this mass.
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Figure 5.4: Stellar to halo mass ratio at present time from theoretical considerations in this work is compared
with the observational data for individual galaxies courtesy Alexie Leauthaud. The upper three (blue) lines
represent the case withv⋆ = 180 km s−1 and may represent a quiescent galaxy. The lower three (red) lines
are forv⋆ = 500 km s−1 . In these the dashed, solid and dash-dotted lines correspond to collapse redshifts,
zvir = 2, 4 and 6 respectively. The data points are from Mandelbaum etal. 2006 : filled red circles, Geha et al.
2006:filled green squares, Pizagno et al. 2007 : filled purpletriangles, Springob et al. 2005 : dots, More et al.
2011 : stars, Conroy et al. 2007 : diamonds. The thick gray dashed, dotted and dash-dotted lines represent
the results of halo abundance matching from Leauthaud et al.(2012), Behroozi et al. (2010) and Moster et al.
(2010) respectively.

In Figure 5.4, we plot the SHMR at present day, against the halo mass obtained by using

equation (5.34), (5.35) and (5.32). The set of upper three blue lines is forv⋆ = 180 km s−1

and the lower three red line representv⋆ = 500 km s−1 . In each set the dashed, solid and

the dash-dotted lines correspond to three different redshifts of collapse,zvir = 2, 4 and6

respectively. We note that, in this section the quantityv⋆ is arbitrary and we have used two

values to show the dependence of SHMR onv⋆. Also, we stress here that the theoretical lines

denote the value of SHMR at present day (z = 0) for the galaxies which got viriallized at a

particularzvir.

The squares, dots, and triangles in Figure 5.4 represent thestellar and halo mass data
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inferred from works on Tully fisher relation by Geha et al. (2006), Springob et al. (2005) and

Pizagno et al. (2007) respectively. The stars and diamonds represent the data from (More

et al., 2011) and (Conroy et al., 2007) who deduced the stellar and halo mass using stellar

dynamics. Red circles shows the estimates based on weak lensing by (Mandelbaum et al.,

2006). For details on the data sets the reader is referred to Leauthaud et al. (2012) and

Blanton et al. (2008) and the original papers for the the datasets. We have also shown the

SHMR obtained by the technique of halo abundance matching (Moster et al., 2010; Behroozi

et al., 2010; Leauthaud et al., 2012) using broken thick graylines. At the higher mass end

we note that our results agree with these works. To be more specific we find a stellar to halo

mass slope of0.26 as mentioned above, which is in agreement with the value0.29 deduced

in Behroozi et al. (2010). The slope at higher mass end depends on theM• − Mh relation,

which is still being debated in the literature. However, even if we use a different scaling like

M• ∝ σ4.02 given by Tremaine et al. (2002), then the slope at high mass end becomes0.33

which is also in agreement with observations and other works.

The slope at low mass end as found by halo abundance matching is roughly∼ 2.2, which

is larger than5/3 from theoretical considerations in this work and others (e.g. Dekel & Woo

2003). However, it is possible that other physical processes not considered in our model can

explain the discrepancy. For example, ifv⋆ depends on halo mass, with the efficiency of SNe

energy injection being larger in low mass halos, the slopes can be reconciled.

If one naively compares the lines from our analytical calculation with the observational

data points for individual galaxies then the plot seems to say something interesting. By look-

ing at the data for low to intermediate mass galaxies (Geha etal., 2006; Springob et al., 2005;

Pizagno et al., 2007) one may infer that the data points lie systematically below the results of

halo abundance matching. There are a lot of galaxies which have lower stellar content than

expected from halo abundance matching. However, if we compare these with our lower three

red lines which are for starburst mode then these data pointscan be reconciled. As we have

already described, the outflow activity in low to intermediate mass galaxies is governed by

SNe and starbursts. The two modes we are following in this chapter represent two extreme

efficiencies of energy injection by SNe. Quiescent galaxieslike ours lie on one extreme and

the violent galaxy like M82 on the other extreme. All the galaxies in low to intermediate halo

mass range (. 1012.5M⊙) are covered between these two extremes. Interestingly in Figure

5.4 also, most of the data points lie between the blue and red lines of our theoretical model

which represent the quiescent and starburst mode of energy injection respectively. This is not

mere a coincidence given the simplicity of our model and shows the importance of outflows

in shaping the galaxies.

In the above analysis, we have assumed that the relation given in equation (5.34), which



Chapter 5. Hydrodynamic Model for SNe and AGN Driven Outflows 92

is valid in the long time limit, gives the stellar mass in the present day universe. In the hierar-

chical structure formation scenario where small halos formfirst and undergo periods of high

merger rates, this assumption may not be completely valid. However, recent observations

and theoretical works have shown that cosmic downsizing mitigates the effects of hierarchi-

cal structure formation models, and that massive galaxies are believed to form stars at high

redshift after which they evolve passively.

Let us discuss our results and a few caveats as follows. We have found that the NFW

gravity causes the outflows to stop inside virial radius in intermediate to high mass halos. In

Appendix C, we have shown the solutions for winds from NFW halo in terms of Mach num-

ber, where the closed contours show the importance of the halo. In other words, gravitational

force of the halo causes the flow to stop inside the virial radius if the energy injection from

SNe is not large. We note that a minimum value of SNe energy injection so as to produce

v⋆ ∼ vs is required for the gas to escape the galaxy. Our models in which the gas can not

escape the galaxy, provides a natural explanation for the circumgalactic material observed

inside the halos and also predict mild winds in quiescent star forming galaxies such as our

Galaxy.

When an AGN component is included, the contours in the Mach number–radius plot

can open up for massive galaxies (Mh & 1012.5M⊙). This implies that AGN radiation can

become important in winds from massive galaxies (such as ULIGs), reaching a wind velocity

of vwind & 1000 km s−1 . If we consider that neutral clouds are entrained in this wind then

the speeds of the cold clouds can be at the most equal tovwind. This result is consistent with

observed outflow speeds in post-starburst galaxies, ULIRGsand Low-ionization quasars at

intermediate to high redshifts (e.g. Tremonti et al., 2007;Sturm et al., 2011). We have derived

a general expression for the terminal speed of the wind from the NFW halo which can be

written asv∞ = (4v2⋆ +6(Γ− 1)v2• − 4v2s)
1/2, wherev⋆ is the contribution from SNe and the

term withv• stands for the momentum injection from AGN. According to ourresults 1000

km s−1 is an upper limit for the starburst driven winds while in caseof AGN driving which is

possible in high mass galaxies only, the velocities always exceed 1000km s−1 . We note here

that this limit holds for large scale escaping outflows for all galaxies; however there may be

exceptional cases where the system is going through a periodof extreme star formation, and

even without AGN, the wind speed at a few kpc can be more than 1000 km s−1 (Diamond-

Stanic et al., 2012). These episodic winds are likely to be driven by the radiation from galaxy

as the galaxy becomes highly luminous due to extreme star formation (Sharma et al., 2011).

We have also shown that our results can explain the observed trends of stellar to halo

mass ratio. We find that the stellar mass scales with the halo mass asM⋆ ∝ M0.26
h at the

higher mass end andM⋆ ∝ M1.67
h at the lower mass end. The slope at higher mass end
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agrees with the observations and abundance matching results. We find that the large scatter

in observational data at the lower mass end is due to the fact that the efficiency of energy

injection is different in different galaxies. We would liketo mention here that we have used

a simple recipe to calculate the stellar mass correspondingto a particular halo mass using

the outputs from our wind models. Implementing feedback recipes from our wind models

into a full semi analytical work is beyond the scope of this study. Also we have assumed

spherical symmetry for our calculation which is justified considering the large length scale

(∼ 100 kpc) of these outflows. However in the vicinity of the disk theeffect of gravity due

to a flattened system may be important as explored using a self-similar model in Bardeen

& Berger (1978). We leave the problem of finding streamlines in a cylindrical geometry for

these outflows to a future work.

We note that the reprocessed IR radiation is sufficient to drive strong outflows from high

mass galaxies and the resulting feedback is enough to explain the mismatch between stellar

mass and halo mass at high mass end. This is important as one need not to rely on UV

radiation which is supposed to be attenuated quickly withina small distance from the center.

The injection of energy and mass in our model occurs in the central region. However,

recent observations show the evidence of outflows emerging from individual star clusters

which may be situated away from the center of the galaxies (e.g. Schwartz et al., 2006). It

becomes however analytically complicated to take into account the contribution from these

clusters and combine it with the effects of a central AGN. It is however clear that effects of

the feedback would be higher if mass and energy injection occurs even beyond the central

region and from a large number of clusters.

The coupling between gas and dust is shown to be mediated via momentum coupling.

However, one may question the survival of dust grains. For this we refer to the observational

evidence for dust in the spectra of AGNs, which shows that thedust does survive and it may

do so by residing in small clumps around AGN as discussed in Krolik & Begelman (1988).

We have considered momentum transfer from AGN radiation in optically thin limit. In

actual practice the situation can be quite complicated and it may not be exactly accurate to

use a constantΓ. We hope that the simulations of winds with full radiation transfer cover-

ing from small to large length scales will be able to verify the simple ideas presented here.

We have used a relation between the black hole mass and the dark matter halo mass. We

have projected this relation backward in time using scalings of NFW parameters with red-

shift. There are observational evidence that black hole masses at high redshifts are generally

higher, however it is hard to predict the correct scaling of black hole mass with redshift as

the formation and growth of black holes is a complicated problem in itself.

We have not considered the effects of radiative cooling in the present work. Radiative
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cooling is important for the thermodynamics of the outflow. The CC85 solution with imple-

mentation of cooling has been studied in the past (Silich et al., 2004; Tenorio-Tagle et al.,

2007; Wünsch et al., 2011; Silich et al., 2011). These calculations conclude that cooling (if

not catastrophic) does not affect the velocity and density but causes the temperature to decay

more rapidly. Wind solutions with cooling can not be worked out analytically for general

values of parameters and one has to use the numerical computation, for particular cases. We

have discussed the hot phase of the outflows which is tractable using analytic hydrodynam-

ics. However, in actual practice the physics of hot, cold andmolecular phase of galactic

outflows might be tangled to each other . The study of all thesecomponents demands state

of the art numerical simulations.

To summarize, we have found analytical solutions for SNe andAGN driven winds from

realistic dark matter halo. Our results show that the two feedback processes operate effec-

tively at two ends of the galaxy luminosity function as expected. The wind velocities for

escaping winds resulting from our calculations explains a variety of observations. We find

that AGN can drive the gas to speeds& 1000 km s−1 . We find an intermediate mass range in

which the outflows can be highly suppressed and for these halomasses the gas can not escape

into the IGM. However, the gas is still driven to large distances within the halo. This result

explains the recent observations of gas reservoirs in our Galaxy and other galaxies. Using the

results of our analytical models, we have derived a stellar mass to halo mass relation using

simple recipes. We find the derivedM⋆–Mh relation matches the results of observations and

halo abundance matching.
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Absorption systems in the spectra of quasars are generally termed as ‘intervening’ if the
velocity offset relative to quasar is greater than 5000 km s−1. These absorbers are classified
as strong systems if the equivalent width (Wr) is larger than 1.0Å, otherwise they are called
weak MgII systems. It is generally believed that the strong MgII systems arise when the
quasar line of sight passes through a galaxy. This hypothesis, although commonly agreed
upon, has been tested to be true only for roughly∼ 10 % cases, for which a quasar-galaxy
pair has been located. Another argument which is generally given to support the intervening
system hypothesis is the large velocity offsets of these systems from quasar redshifts. How-
ever, one may argue that even such high velocities are possible if the UV light from quasar
drives strong dusty outflows, whose velocity can be as large as∼ 0 .1 c. In this situation the
MgII systems may arise in these outflows. This interesting postulate may be tested by study-
ing the correlation between the quasar luminosity and the velocity offset of MgII system. We
attempt this problem in the present chapter.

Main results

• We find that the velocity offset (β) of strong MgII absorber systems in quasar spectrum
is correlated with the bolometric luminosity (Lbol) of the quasar and the median value
of β for absorbers in a particular quasar luminosity bin, follows the scalingβ ∝ L

1/4
bol .

• The existence ofβ–Lbol correlation indicate that a significant fraction of absorbers are
associated with the quasar themselves.

• We find that the correlationβ ∝ L
1/4
bol is also expected for the radiation (dust) driven

outflows from quasar, launched from the innermost dust survival radius, which im-
plies that a significant fraction of MgII absorbers may arise in quasar radiation driven
outflows.

• We note that the traditional criteria to denote an absorber as ‘associated’ ifβ < 0.0167,
may not be adequate in view of our result that even higher values ofβ, all the way upto
0.4 are possible, if the MgII absorbers arise in radiation driven outflow associated with
the quasar.
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6.1 Introduction

The study of MgII absorption line systems in the spectra of quasars (QSOs) hasbeen use-

ful in detecting distant normal field galaxies situated close to the lines of sight of QSOs

(Bergeron & Boissé, 1991; Steidel et al., 1994). Conventionally, all such absorbers with

velocity < 5000 km s−1 relative to the background QSO are believed to be associatedto

the QSO itself (‘associated systems’) while those at largervelocity offset are believed to be

entirely independent of background QSO. This general belief was questioned recently by the

puzzling results on the abundance of strong MgII absorber having equivalent width (Wr)

more than 1.0̊A : (i) by Prochter et al. (2006b) where they found2–4 time excess of strong

Mg II absorber towards theγ ray burst (GRB) sources relative to QSO sight lines (see also

Sudilovsky et al. 2007; Vergani et al. 2009; Tejos et al. 2009), and (ii) by Bergeron et al.

(2011), where they found similar excess by a factor of about 2(3 σ confidence) towards 45

blazar sight lines.

These counter-intuitive results, have inspired many alternative explanations, such as dust

extinction towards QSO sight lines which can lower the apparent incidence rate of absorbers,

or gravitational lensing which can increase it toward GRBs/blazars, but none have been found

to explain the above discrepancies (Porciani et al., 2007; Ménard et al., 2008; Lawther et al.,

2012). However the blazars, as a class, are believed to have relativistic jet pointed close to

our line of sight. Bergeron et al. (2011) speculated that such powerful jets in the blazars

are capable of sweeping sufficiently large column densitiesof gas (up to1018–1020cm−2 )

and accelerating such clouds to velocities of order∼ 0.1c, thereby possibly accounting for

the excess of MgII absorption systems towards blazars in comparison with QSOs. However,

such an excess in number of MgII absorbers per unit redshift (dN/dz) was not confirmed

in the analysis of flat-spectrum radio quasars (FSRQs) by Chand & Gopal-Krishna (2012),

though FSRQs also possess powerful jets similar to blazars,which they reconciled with the

above hypothesis of relativistically ejected absorbing clouds, by suggesting that perhaps due

to larger angle from the line of sight (unlike blazars with smaller angle), these accelerated

clouds might not intersect the line-of-sight in the case of FSRQs. Using a larger sample

size of 95 GRB (including 12 GRB from Prochter et al. 2006b), Cucchiara et al. (2012) did

not confirm the original enhancement found in the case of GRB by Prochter et al. (2006b),

though a signature of mild excess of about 1.5 times was noticed for strong MgII absorption

systems, albeit with only a low confidence level of 90%.

The firm conclusion for jet based above excess still await therealistic numerical mod-

elling of jet-ambient gas interaction especially for the excess seen towards blazars (about a

factor of 2) and CDQs (about 10%) (Joshi et al., 2013) vis-a-vis normal QSOs. However an
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alternative scenario, which could be more plausible, is thedust or radiation driven outflows

(e.g. Scoville & Norman, 1995). For instance, if there is some contribution todN/dz of

strong MgII absorber from these outflows, then one will expect that AGN luminosity should

have statistical correlation with the velocity offset of the strong MgII absorber relative to the

background AGN, which is usually defined by,

β =
(1 + zqso)

2 − (1 + zabs)
2

(1 + zqso)2 + (1 + zabs)2
(6.1)

whereβ = v/c, zqso is the emission redshift of the QSO andzabs is the absorption redshift

of the MgII system.

In this chapter, we report a correlation between theβ of strong MgII absorbers and the

bolometric luminosity (Lbol) of QSOs, using the strong MgII absorber catalogue by Lawther

et al. (2012). We also propose an explanation for this correlation which draws upon radiation

driven outflow models. In§6.2 we describe the sample of strong MgII absorbers and our

selection criteria. In§6.3 we present our results and a theoretical model of radiation driven

outflows. In§6.4 we study the fractional number counts of absorbers, and discuss our results

in §6.5.

6.2 Description of the sample

We consider a sample of 10367 strong MgII absorbers with equivalent widthWr(2796) >

1Å belonging to 9144 QSOs, from the recent compilation by Lawther et al. (2012) based on

105783 QSOs of SDSS DR7 (Abazajian et al., 2009; Schneider etal., 2010). However, the

range ofβ varies withzqso, and the observed wavelength range of the spectrum. Therefore,

in order to make the sample unbiased, firstly, we have considered a SDSS spectral range

from 4000-9000Å which is a little narrower (by about 100̊A) than the actual one. We then

applied the following four selection filters.

1. We removed 773 broad absorption line (BAL) QSOs from our above sample to avoid

any contamination in our analysis by BAL features which has resulted in the removal

of corresponding 931 strong MgII absorbers.

2. For all the quasars havingzqso > 2.21024, the MgII emission line will fall above

9000Å, which is our conservative upper limit on wavelength of SDSS spectrum. As

a result, SDSS spectra for such sources will not allow any detection of strong MgII

doublet falling in the redshift range between 2.21024 up tozqso. Therefore to avoid this

observational bias, we excluded all sources havingzqso ≥ 2.21024 from our sample,
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which resulted in the removal of 43 QSOs having 52 strong Mg IIabsorbers.

3. Another filter was applied to avoid the observational biaswhich might result from the

lower wavelength limit, viz 4000̊A, in the SDSS spectra. In our analysis we aim to see

any correlation of luminosity with velocity offset up to about 0.4c. However for 4000

Å considered as the conservative starting wavelength of ourspectra,zqso = 1.185

will be the minimum redshift, which allows us to detect MgII absorber (if any) at

least up to a velocity offset of0.4c. Therefore, we have removed 1461 sightlines with

zqso < 1.185 having 1544 strong MgII absorbers in their spectra.

4. After applying the above mentioned redshift cuts, we are left with the systems with

2.21024 > zqso ≥ 1.185. In these intermediate redshift systems, theβ value can be

larger than0.4, which in principle may give rise to a bias of higherβ with increasing

zqso. Hence we also remove all the absorbers withβ > 0.4 from the remaining sample

which amounts to exclusion of 1523 absorbers along 1439 sightlines. One should note

thatβ = 0.4 is chosen because if we keepβ value less or greater than this, then the

sample is significantly reduced. Another motivation as willbe clear in the coming

sections, is thatβ ∼ 0.4 is an upper limit for the radiation (dust) driven outflows.

Finally, we are left with 6317 strong MgII systems along 5682 QSOs in the selected red-

shift range. Bolometric luminosities for the QSOs in SDSS DR7 are calculated in a recent

study by Shen et al. (2011). We cross matched the QSOs in our sample, with the catalogue

described in Shen’s paper to obtain the bolometric luminosity. We then removed two more

absorbers whose QSO luminosities were< 1045 erg s−1. Our final bias free sample consists

of 6315 strong MgII systems with luminosity range1045.5 < Lbol ≤ 1047.8 erg s−1, with

redshift range1.185 ≤ zqso < 2.21024, and with the velocity offset range of0 < βc ≤ 0.4c.

In Figure 6.1, the blue dashed line represents the distribution of strong Mg II absorbers in

SDSS-DR7, compiled by Lawther et al. (2012), and the black solid line is the final sample

selected for this study.

6.3 Correlation betweenβ andLbol : signature of radiation

driven outflow

In order to test the dependence ofβ on luminosity, we divide the sample in bins of bolomet-

ric luminosity. Most of the absorbers (5651 out of 6315) belong to QSO sightlines having

a luminosity range1046–1047 erg s−1. We divide these 5651 systems into four bins of bolo-

metric luminosity. We also have two more bins, one forLbol < 1046 erg s−1, and another
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Figure 6.1: Histograms withzqso of the samples of strong MgII absorbers in SDSS-DR7. The blue dashed
line is for 10367 strong absorbers compiled by Lawther et al.(2012). The black solid line represents the sample
used in this work.

with Lbol > 1047 erg s−1, the first having 27 systems and the second with 637 systems.

Consider the case of the absorbers being distributed uniformly in the allowed range of

zabs (which in turn is determined from the allowed range ofβ), then the median value ofβ

should be independent ofzqso. We can prove this statement as follows.

From equation (6.1), we know thatβ depends on the difference of(1+zqso) and(1+zabs).

For the maximum allowed value ofβ = 0.4 in this study, the lower limit ofzabs can be

obtained from equation (6.1), and can be written as,zmin
abs = (C − 1) + Czqso , whereC is a

constant whose value is 0.65 forβ = 0.4. The median value of absorber redshift (zmed
abs ) is

the solution of following equation,

∫ zmed
abs

zmin
abs

dN

dz
dz =

1

2

∫ zqso

zmin
abs

dN

dz
dz (6.2)

wheredN/dz is the number of MgII absorbers per unit redshift. If the absorbers are dis-

tributed uniformly and the quantitydN/dz is constant, then from equation (6.2) we get,

zmed
abs = ((C − 1) + (C + 1)zqso)/2 . Using equation (6.1) we find the corresponding median

value ofβ, which isβmed ≈ 0.19 , independent ofzqso. Hence, irrespective of the distribution

of zqso in a luminosity bin, the median value of beta should be same inall luminosity bins.

Next we set out to test this hypothesis for our sample. We calculate the median, the lower 25

percentile and the upper 25 percentile of data in each of the above mentioned six luminosity

bins. We plot the median with circles, and the upper and lowerpercentiles as the end points

of vertical dotted bars in Figure 6.2.
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Figure 6.2: Correlation between the bolometric luminosity of the QSO and β of Mg II absorber. The circles
represent the median of data in a particular luminosity bin.The upper and lower extreme of the dotted vertical
lines give the location of upper and lower 25 percentile, respectively. Sizes of the luminosity bins are shown
by the horizontal bars. The solid, dotted and dash-dotted line represent the theoretical model discussed in§3.1.

Interestingly, we find that the median is not constant. The data shows a correlation of

β with the Lbol. The 5651 absorbers systems with1046 ≤ Lbol ≤ 1047 erg s−1, which

form the mainstay of the sample show a power law increase ofβ with Lbol, with a slope

of ∼ 1/4. Increase of median value ofβ with the bolometric luminosity, proves that the

distribution in each bin is not uniform random. This fact is also hinted in the evolution of

dN/dz with zabs (Zhu & Ménard, 2013). Using the evolution indN/dz for our sample, we

evaluated the expected relation between the median value ofβ andzqso from equation (6.2).

We then converted it to the corresponding relation betweenβ and luminosity by using the

best fit relation betweenzqso and luminosity, a characteristic of magnitude limited survey

such as SDSS. We have shown this relation using a dashed curvein Figure 6.2. Although

the dashed curve does show some evolution, but it is clear that it cannot fully explain the

observedβ–Lbol correlation.

Which physical processes can give rise to non-uniformity ofabsorber distribution? The

evolution indN/dz has been attributed to the evolution in global star formation rate (Zhu &

Ménard, 2013), although without any concrete evidence. Also, observations of intervening

galaxies show a small covering fraction (≤ 0.3) for strong MgII absorbers (W ≥ 1 Å)

(Nielsen et al., 2012; Chen et al., 2010). Here we explore an alternate based on outflows

associated with QSOs, which can give rise to non-uniformityof incidence of absorbers. As

we explore in next section, the relationβ ∝ L
1/4
bol , is a natural consequence of QSO radiation

driven outflows.
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6.3.1 Absorbers as radiation driven outflows

Radiation driven outflows have been invoked repeatedly in literature to explain the co-evolution

of black hole and bulge, to explain the accretion disc winds (e.g. Proga et al., 2000) and

galactic winds (e.g. Murray et al., 2005; Sharma et al., 2011). We consider here the radiation

driven outflows, where the photons scatter the dust grains and impart their momentum to

dust. The dust in turn is collisionally coupled to the gas, and the momentum is uniformly

distributed to the dust and gas mixture. In this scenario, the motion of dust and gas mixture

surrounding the QSO is governed by the following equation,

v
dv

dr
=

κLuv

4πr2c
− GM•

r2
− dΦ

dr
(6.3)

whereM• is the mass of the black bole andΦ is the dark matter halo potential.Luv is the

integrated UV luminosity and for QSOs where the main emission is in high frequency bands,

luminosity over UV and EUV bands is roughly half of the bolometric luminosity (Luv ∼
0.5Lbol)(Risaliti & Elvis, 2004).κ is the frequency averaged opacity for the scattering and

absorption of UV photons by dust grains. For wavelength of photon< 0.3 µm, theκ for a

dust and gas mixture ranges from 200 to as large as 1000 cm2g−1 (Li & Draine, 2001). We

take a valueκ = 500 cm2g−1, which roughly serves as an average effective value of opacity.

We can integrate equation (6.3) to obtain the following expression for velocity

v2 =
κLbol

4πc

(
1

rb
− 1

r

)
− 2(Φ(r)− Φ(rb)) (6.4)

whererb is the launching radius of the outflow. In the case of radiation pressure on dust

grains, the opacity is generally quite high and hence the radiation force is many times larger

than the gravity, therefore the gravitational force can be neglected. At a large distance the

velocity attains the following terminal value

v∞ ≃
(
κLbol

4πc rb

)1/2

(6.5)

The base radius (rb) for launching these outflows is an important factor and it should be

the minimum distance at which the dust grains can survive. Studies on dust survival yield

following relation between the sublimation radius of the dust grains and the luminosity of

the AGN (Mor & Netzer, 2012),

rb = Rsub ∼ rb,0

(
Lbol

1046 erg s−1

)0.5

. (6.6)
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The value ofrb,0 is 0.5 pc for graphite grains and1.3 pc for the silicate grains. Substituting

equation (6.6) into (6.5), we obtain the following expression for wind terminal speed,

v∞ ∼ 0.1c

(
κ

500 cm2 g−1

)1/2(
Lbol

1046 erg s−1

)1/4(
rb,0

0.5 pc

)−1/2

(6.7)

We note that this mechanism has previously been discussed inthe context of AGN outflows

by Scoville & Norman (1995). These authors also arrived at similar terminal speed for a

radiation driven outflow.

We plot this scaling to compare with the observed correlation ofβ andLbol in Figure 6.2.

The dash-dotted, solid and dotted line in Figure 6.2 correspond torb,0 = 0.2, 0.5, 1.0 pc re-

spectively. We find that this simple theoretical model fits the observed correlation pretty well,

which indicates that the absorber systems are likely to be radiation(dust) driven outflows.

One is then tempted to ask as to how these outflows fit in the unification schemes of AGN.

We find that the launching radius of the outflows is the dust sublimation radius, which is also

the inner radius of the dusty torus. Inside the torus, the UV photons are quickly reprocessed

into IR. Although the IR photons can also drive outflows (Dorodnitsyn et al., 2011; Sharma &

Nath, 2013), however the speeds would not be large, as the IR to dust scattering cross section

is more than an order of magnitude smaller than in UV. One possible way to reconcile this is

the following.

Let us suppose that the outflows do not plough through the mainbody of the torus, but

consist of material lifted from the outer surface of the torus. In that case, as the torus material

is dilute and highly porous at its periphery, the UV photons can in principle travel a large

distance without being attenuated and impart their momentum to gas and dust mixture lifted

from the outer surface of the torus. More specifically, in thepicture presented in Elvis (2000),

the region which we are considering should take place between the BAL envelope and the

torus. We note that, this scenario not only gives rise to large velocity outflows, but it may

also account for the small fraction (. 0.1) of the QSOs which show these absorbers owing

to the fact that the region allowed for the outflows (periphery of the torus) occupies a very

small fraction of the viewing angle.

6.4 Fractional number of absorbers

Next we study the dependence of fractional number counts of absorbers as a function of QSO

luminosity. We define the fractional number count as below,

Fractional number count =
Number of absorbers found

Number of QSOs searched in a bin
. (6.8)
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Figure 6.3: The fractional number count as a function of bolometric luminosity is shown using filled diamonds,
and the size of the luminosity bin is shown by the horizontal bar. Thin horizontal line represents the average
value of fractional number count over the entire sample.

Again, we limit our analysis to the spectral region withβ < 0.4. From our sample, as de-

scribed in§2, we can easily estimate the “Number of absorbers found” in agiven luminosity

bin, havingβ < 0.4. However to find the corresponding “Number of QSOs searched in a

bin”, we also need to count those QSOs in the parent sample of SDSS-DR7 from which the

QSOs with MgII absorbers are selected. We use the parent catalogue from Shen et al. (2011)

of which the sample used in this work is a subset. Therefore, we estimate the “Number of

QSOs searched in a bin” by using non-BAL QSOs from Shen et al (2012) catalogue, which

satisfy the redshift criteria1.185 ≤ zqso < 2.21, to ensure the absence of any observational

biases (see§2).

We plot the fractional number count as a function of luminosity (Lbol) in Figure 6.3. The

values are shown by filled diamonds whose x-coordinate is thecentre of each luminosity

bin. We also show the overall average of the sample using a horizontal line, whose value

is ∼ 0.1. We find that the fraction increases steeply with increasingQSO luminosity and

reaches a maximum roughly forLbol ∼ 1047 erg s−1. For Lbol > 1047.5 erg s−1 there is

a mild decrease with luminosity, however this decrease is uncertain as in this bin, we have

many apparently faint high redshift quasars, for which the signal to noise criterion removes

large chunks of spectra and the corresponding absorbers (D.Lawther pvt. comm.). We note

that the fractional number of absorbers has a contribution from outflowing and intervening

systems, which we can not separate here.
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Figure 6.4: Ratio of absorbers withβ < 0.0167 to the total number of quasars in a particular luminosity binis
plotted against the bolometric luminosity. The horizontalbar represents the size of the luminosity bin.

6.5 Discussion

We would like to emphasize an important point in connection with our result. There is a

general consensus in the literature, which goes along the line that the absorbers which have

β < 0.0167 (v < 5000 km s−1), are associated with the QSO and withβ higher than this

represent the intervening media. We stress here that this criterion is not adequate to denote

the associated systems, and the true associated systems canalso haveβ > 0.0167, e.g. the

QSO driven high velocity outflows considered here.

To illustrate this, we plot in Figure 6.4, the ratio of absorbers withβ < 0.0167 to the total

number of absorbers in a particular luminosity bin as a function of bolometric luminosity.

One can clearly see that lowerβ are possible for only lower luminosity, and vice versa.

Firstly, the figure once again confirms that the velocity offsetβ is correlated with luminosity,

because lowβ absorbers appear along the sightlines of low luminosity QSOs. Secondly, this

plot, in conjunction with the correlation ofβ with Lbol, shows that the systems which are

really ‘associated’ with the QSOs are spread all the way fromβ = 0.0 to 0.4.

Our results call for a study to separate out the truly associated (outflowing) systems and

the intervening ones. Of course, one tedious way to do this isto locate the intervening

galaxies in each quasar sightline, however yet another way can be through the detailed study

of line shapes and features arising from outflows and intervening material. We look forward

to such a study in the future.

There is another implication of the observed dependence of fractional number count of
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absorbers on QSO luminosity. If one considers a sample of a particular type of QSOs that

covers a restricted luminosity range, then the relative number of absorbers may differ for

different samples, and be different from the overall average. If we consider the right side

of Figure 6.3, corresponding toLbol > 1046.5 erg/s, there the fractional number counts are

roughly double of the overall average value of0.1. We note that recent observations of∼ 45

blazars (Bergeron et al., 2011) report an excess of MgII absorbers relative to that in QSOs.

We speculate here that this excess may also arise from the fact that the blazar sample is

small, and it may be possible that it is biased towards higherluminosity, where the fractional

number count is larger. It is possible that if the analysis isrepeated with a larger sample of

blazars then the excess may fade away. In fact, a similar conclusion has been reached for a

sample of FSRQs and7156 lobe and core dominated QSOs where in both cases one finds

only a mild excess (Joshi et al., 2013). In this regard we bring a recent paper by Cucchiara

et al. (2012) to the attention of the reader, regarding the excess seen towards GRBs, where

with a large sample of GRBs the puzzle of MgII incidence rate indeed disappears, and one

does not find any excess.

In summary, we have found a correlation between the velocityoffset of strong MgII

absorbers and the luminosity of QSOs. The velocity offset (βc) has been found to increase

with the luminosity with a power law index∼ 1/4. We have found that radiation driven

outflows from QSOs can give rise to such a dependence ofβ onLbol. These findings lead us

to conclude that a significant fraction of strong MgII absorbers (even withv > 5000 km s−1

) along QSO sightlines may be the AGN driven outflows.
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Conclusion

In this thesis, we have studied galactic outflows analytically and using simulations, and ad-

dressed the issues such as the terminal speed of outflows, their structure and rotation, relative

importance of various driving mechanisms, effect of gravitational field of the dark matter

halo and the effect of outflows on the stellar content of galaxies. We have explored various

outflow driving mechanisms such as the radiation pressure ondust grains the ram pressure

due to hot wind, SNe energy injection, momentum injection due to an AGN and the cosmic

rays. We have obtained interesting results which explain a variety of observations such as

(I) the correlation between the outflow speed and the galaxy circular speed, (II ) the relative

importance of ram and radiation pressure and the importanceof cosmic rays (III ) observed

threshold of star formation surface density (ΣSFR ∼ 0.1 M⊙ yr−1 kpc−2), for galaxies to

show signatures of outflows, (IV ) high velocity (> 103 km s−1 ) outflows because of the

presence of an AGN, (V) gas reservoirs in the halos of galaxies (VI ) ratio of the stellar to

halo masses in galaxies. We also carry out an observational study in which we search for a

correlation between the quasar luminosity and the velocityoffset of strong MgII absorbers

in quasar spectra, and explore the possibility that a significant fraction of strong MgII ab-

sorbers may arise in outflows driven by quasar radiation. We summarize our work below and

discuss our results with a future perspective.

Radiation Driven Outflows from a Disc Galaxy

In chapter 2, we have studied gaseous outflows along the pole of a galaxy, driven by radiation

pressure on dust grains. We consider the gravitational and radiation forces due to a disc with

surface brightness (I) and surface mass density (Σ). We have included the gravitational

effect of bulge and dark matter halo and found that the existence of such an outflow implies

a maximum value of∼ 10−2 for disc mass-to-light ratio. We have shown that the terminal

107
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wind speed is proportional to the disc rotation speed in the limit of a cold gaseous outflow.

Using the mean opacity of dust grains and the evolution of theluminosity of a simple stellar

population for instantaneous star formation, we have shownthat the ratio of the wind terminal

speed (v∞) to the galaxy rotation speed (vc) is roughlyv∞/vc ∼ 3. We note that the escape

speed in NFW halo is≈ 3vc, therefore, the radiation driven outflows can easily escapeinto

the IGM and enrich it with metals. Also the correlation of wind speed with the galaxy circular

speed explains recent observations (Martin, 2005; Rupke etal., 2005b). Interestingly, similar

correlations, when used in simulations of galaxy formationas a feedback recipe, can explain

the galaxy luminosity function as well as the enrichment of IGM (Oppenheimer & Davé,

2006).

Structure and Rotation of Radiation driven outflows

In chapter 3, we have carried out a 2-D hydrodynamic simulation of radiation driven galactic

wind from a disc with exponentially varying surface brightness and mass density, and total

mass of the galaxy similar to that of the Milky Way, using the TVD hydrodynamic code

developed by Ryu et al. (1993); Kang et al. (1994). We have taken into account the total

gravity of a galactic system that consists of a disc, a bulge and a dark matter halo. We

have found that the combined effect of gravity and radiationpressure from a realistic disc

drives the gas away to a distance of∼ 5 kpc in∼ 37 Myr for typical galactic parameters.

The outflow speed increases rapidly with the disc Eddington parameterΓ0(= κI/(2cGΣ))

for Γ0 ≥ 1.5, and the rotation speed of the outflowing gas is. 100 km s−1. The wind

is confined in a cone which mostly consists of low angular momentum gas lifted from the

central region.

Our results presented show that the outflowing gas within thecentral region of a few

kpc tends to stay close to the pole, and does not move outwardsbecause of its low angular

momentum. This makes the outflow somewhat collimated. Although outflows driven by

SNe heated hot wind also produces a conical structure (e.g. Fragile et al., 2004) emanating

from a breakout point of the SN remnants, there is a qualitative difference between this case

and that of radiatively driven winds as presented in our simulations. While it is the pressure

of the hot gas that expands gradually as it comes out of a stratified atmosphere, in the case

of a radiation driven wind, it is the combination of mostly the lack of rotation and almost

vertical radiation driving force in the central region thatproduce the collimation effect. We

also note that the conical structure of rotation in the outflowing gas is similar to the case

of outflow in M82 (Greve, 2004), where one observes a diverging and rotating periphery of

conical outflow.

From our results of the exponential and rotating disc model,we find the wind comprising
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of low-angular momentum gas lifted from the disc. It is interesting to note that recent simula-

tions of supernovae driven winds have also claimed a similarresult (Governato et al., 2010).

Such loss of low angular momentum gas from the disc may have important implication for

the formation and evolution of the bulge, since the bulge population is deficient in stars with

low specific angular momentum. Binney et al. (2001) have speculated that outflows from

disc that preferentially removes low angular momentum material may resolve some discrep-

ancies between observed properties of disc and results of numerical simulations.

Ram Pressure, Radiation Pressure and the Cosmic Ray Driving

To explore the relative importance of various driving mechanisms, in chapter 4 we have

studied gaseous clumpy outflows from disc galaxies driven bythe combined effects of ram

pressure and radiation pressure. Taking into account the gravity due to disc, bulge and dark

matter halo, and assuming continuous star formation in the disc, we have found that radi-

ation or ram pressure alone is not sufficient to drive escaping outflows, and both processes

contribute. In the parameter space of SFR and circular speed(vc) of galaxies, the criteria for

the outflows can be written as,SFR3/4
10 M⊙/yr v

−2
c,140 km/s > 1. We note that the above criteria

implies that the winds should occur in galaxies with star formation surface density roughly

ΣSFR & 10−1 M⊙ yr−1 kpc−2, and thus explain the observational threshold for winds. We

further note that the wind speed in galaxies with rotation speedvc ≤ 200 km s−1 and SFR

≤ 100 M⊙ yr−1, has a larger contribution from ram pressure, and that in high mass galax-

ies with large SFR, radiation from the disc has a greater rolein driving galactic winds. For

galaxies satisfying our outflow criteria, the ratio of wind speed to circular speed can be ap-

proximated as,vw
vc

∼ 100.7
[

SFR
50M⊙/yr

]0.4 [
vc

120 km/s

]−1.25

. This conclusion is borne out by

observations of galactic winds at low and high redshift and also of the circumgalactic gas.

We also estimate the mass loading factors under the combinedeffect of ram and radiation

pressure, and show that the ratio of mass loss rate to SFR scales roughly asv−1
c Σ−1

g , where

Σg is the gas column density in the disc. Interestingly, similar power law dependence has

also been found in simulations (Hopkins et al., 2012).

Our theoretical results explain the outflows in galaxies with vc & 100 km s−1 , SFR& 1

M⊙/yr, which covers the winds in dwarf starbursts, outflows in LIRGs (Heckman et al., 2000)

and the recent observations of winds in ULIRGs (Martin, 2005; Rupke et al., 2005b; Weiner

et al., 2009). This implies that cold outflows from these galaxies may indeed be driven by

the combined action of ram and radiation pressure. We note that the faint dwarf galaxies in

which Martin (1998) and Schwartz & Martin (2004) have reported outflows, do not satisfy

our outflow criteria. In other words, if we calculate the starformation surface density for

these galaxies we find that only a few of them satisfyΣSFR > 0.1 M⊙ yr−1 kpc−2, which
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is the observational criteria for winds. This points to someother process, responsible for

powering winds in these galaxies. One such process may be thecosmic ray streaming and

resulting outflows (e.g. Ipavich, 1975; Samui et al., 2008; Uhlig et al., 2012). Recently,

using SPH simulations of cosmic ray streaming, Uhlig et al. (2012) have shown that this

mechanism can power the outflows in low SFR and low mass galaxies (shown by two pink

bars in Fig. 4.6). We refer the reader to Appendix G of this thesis, where we have explored

the cosmic ray driven outflows.

Hydrodynamic Study of SNe and AGN Driven Outflows

In chapter 5, We have worked out the steady state analytical solutions for winds from galaxies

with NFW dark matter halo. We have considered winds driven byenergy and mass injection

from multiple supernovae (SNe), as well as momentum injection due to radiation from a

central black hole. We have found that the wind dynamics depends on three velocity scales:

(a)v⋆ ∼ (Ė/2Ṁ)1/2 describes the effect of starburst activity, withĖ, Ṁ as energy and mass

injection rate in a central region of radiusR; (b) v• ∼ (GM•/2R)1/2 for the effect of a

central black hole of massM• on gas at distanceR and (c)vs = (GMh/2Crs)1/2 which is

closely related to the circular speed (vc) for NFW halo, withrs as the halo scale radius andC
is a function of halo concentration parameter. Our generalized formalism, in which we treat

both energy and momentum injection from starbursts and radiation from AGN, allowed us

to estimate the wind terminal speed as,v∞ = (4v2⋆ + 6(Γ − 1)v2• − 4v2s)
1/2, whereΓ is the

ratio of force due to radiation pressure to gravity of the central black hole. Our dynamical

model also predicts the following: (a) winds from quiescentstar forming galaxies cannot

escape from1011.5 ≤ Mh ≤ 1012.5 M⊙ galaxies, (b) circumgalactic gas at large distances

from galaxies should be present for galaxies in this mass range, (c) for an escaping wind,

the wind speed in low to intermediate mass galaxies is∼ 400–1000 km/s, consistent with

observed X-ray temperatures; (d) winds from massive galaxies with AGN at Eddington limit

have speeds& 1000 km/s. We also determine the stellar to halo mass ratio of galaxies,

following the scheme suggested in Granato et al. (2004) (seealso Shankar et al. 2006). In

this scenario, the ratio[2v2⋆ − (1 − Γ)v2•]/v
2
c dictates the amount of gas lost through winds.

Used in conjunction with an appropriate relation betweenM• andMh, and an appropriate

opacity of dust grains in infrared (K band), this ratio has the attractive property of being

minimum at a certain halo mass scale (Mh ∼ 1012–12.5 M⊙) that signifies the cross-over of

AGN domination in outflow properties from starburst activity at lower masses.

We note that the gravitational field of the dark matter halo causes the outflows to be con-

fined inside the virial radius, which can explain the observation of circumgalactic material

in galaxies (e.g. Tumlinson et al., 2011). Also recently, there have been observational indi-
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cations that outflows with speeds greater than 1000 km/s in many Ultra Luminous Infra Red

Galaxies (ULIRGs), are driven by AGN (Tremonti et al., 2007;Sturm et al., 2011). There-

fore, we provide here a theoretical footing for this observational result. We also note that

although the UV radiation from AGN is attenuated, still the IR photons (which are avail-

able in plenty) can drive powerful outflows. Using our results we have calculated the stellar

to halo mass ratio of galaxies and found that stellar mass formassive galaxies scales as

M⋆ ∝ M0.26
h , and for low mass galaxies,M⋆ ∝ M

5/3
h . These scalings comply well with

the observations and the results of halo abundance matching(Moster et al., 2010; Behroozi

et al., 2010; Leauthaud et al., 2012).

Signatures of Outflows in Strong MgII Absorbers in Quasar Sightlines.

In chapter 6 we have carried out an observational study to explore the possibility that MgII

absorbers in quasar sightlines are associated with quasar radiation driven outflows. For this

we consider the quasar spectra in SDSS Data Release-7. We divided the data in the bins

of luminosity of quasars and studied the correlation between velocity offset (β = v/c) of

strong absorption systems and the bolometric luminosity (Lbol ) of quasars in SDSS-DR7.

We have found thatβ shows a power law increase withLbol , with a slope of 1/4, and such

a scaling ofβ with Lbol is expected for outflows driven by scattering of black hole radiation

off dust grains and launched from the innermost dust survival radius. Our results indicate

that a significant fraction of the strong MgII absorbers, in the range ofβ = 0.0–0.4 may be

associated with the quasars themselves.

It is generally believed that the absorbers which haveβ < 0.0167 (v < 5000 km s−1), are

associated with the QSO and withβ higher than this represent the intervening media (e.g.

Bergeron et al., 2011). We note that this criterion is not adequate to denote the associated

systems, and the true associated systems can also haveβ > 0.0167. The correlation ofβ with

Lbol which we have found, shows that the systems which are really ‘associated’ with the

QSOs are spread all the way fromβ = 0.0 to 0.4. Our results call for a study to separate out

the truly associated (outflowing) systems and the intervening ones. A different way to do this

by locating the intervening galaxies in each quasar sightline, however yet another way can

be through detailed study of line shapes and features arising from outflows and intervening

material.



Appendices

A : Detailed derivation of wind equation

The continuity and momentum equations can be written as,
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from energy equation (equation 5.3 in chapter 5) we have,
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(
q

ρv
− ṁǫ(r)

ρv

)
+ f(r)− dΦ(r)

dr
− ṁvγ

ρ
(5)

Next we introduce the Mach numberM = v/cs. We can write the following relations,

v
dv

dr
=

c2s
2

dM2

dr
+

M2

2

dc2s
dr

;

1

v

dv

dr
=

1

2M2

dM2

dr
+

1

2c2s

dc2s
dr

(6)
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Using these relations in equation (4) and (5) we obtain,

dc2s
dr

=

q
ρv

− ǫ(r)ṁ
ρv

+ f(r)− dΦ(r)
dr

− c2s
2

dM2

dr

M2

2
+ 1

γ−1

(7)

and

c2s
M2 − 1

2M2

dM2

dr
+
M2 − 1

2

dc2s
dr

=
2c2s
r

− ṁc2s
ρv

− (γ − 1)[q − ṁǫ(r)]

ρv
+f(r)− dΦ(r)

dr
− ṁvγ

ρ
(8)

Substituting equation (7) in (8) we get the following wind equation,

M2 − 1

M2(M2(γ − 1) + 2)

dM2

dr
=

2

r
− (1 + γM2)

ṁ

ρv
− ṁ(1 + γM2)

2ρv

(
Ė/Ṁ

ǫ(r)
− 1

)

+
(γ + 1)

[
f(r)− dΦ(r)

dr

]

2(γ − 1)ǫ(r)
(9)

WhereṀ = ṁV andĖ = qV in which V is the volume of injection region. This is the

general form of wind equation with contributions from energy and mass injection, gravity

and external driving force.

B : Subsonic part of SNe and AGN driven wind

Here we show the subsonic part of the solution for SNe and AGN driven wind. Apart from

the energy and mass injection we takef(r) = ΓGM•/r andΦ(r) = Φ•(r) = −GM•/r.

From continuity equation we obtainρvr2 = ṁr3/3. If we substitute this in energy equation

we get,

d

dr

[
ṁr3

3

(
v2

2
+

c2s
γ − 1

)]
+

ṁr3

3

(
(1− Γ)GM•

r2

)
+

[
ṁr3

3

dΦNFW

dr

]
=

Ė r2

V
(10)

In the subsonic regimer << rs. Therefore in this case the third term on left hand side which

is due to NFW gravity can be neglected as shown below,

ṁr3

3

dΦNFW

dr

∣∣∣∣
r<<rs

=
−ṁGMhr

3 [ln(1 + c)− c/(1 + c)]

(
r/rs

1 + r/rs
− ln(1 + r/rs)

)∣∣∣∣
r<<rs

≈ 0

(11)

Neglecting the third term, (ṁr3

3
dΦNFW

dr
≈ 0) and integrating from zero tor we get,

[
ṁr3

3

(
v2

2
+

c2s
γ − 1

)]∣∣∣∣
r

0

+

(
ṁ(1− Γ)GM•r

2

6

)∣∣∣∣
r

0

=
Ė

V

r3

3

∣∣∣∣∣

r

0
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⇒ ǫ(r) =
Ė

Ṁ
− (1− Γ)v2•

R

r
= 2v2⋆ − (1− Γ)v2•

R

r
(12)

where we have definedv• =
√
GM•/2R, a velocity characteristic of the black hole. At

r = R we obtain,

ǫ(R) =
Ė

Ṁ
− (1− Γ)v2• = 2v2⋆ − (1− Γ)v2• = 2v2crit (13)

wherevcrit is the velocity at the critical point. Substituting the expression forǫ(r) and also

f(r) = ΓGM•/r
2, Φ = Φ• + ΦNFW, γ = 5/3 in wind equation (5.4) in chapter 5, we get,

M2 − 1

M2(M2(2/3) + 2)

dM2

dr
=

2

r
− 3 + 5M2

r
− (3 + 5M2)

2 r




(1−Γ)R v2•
2 r v2⋆

1− (1−Γ)R v2•
2 r v2⋆




−2

(
(1− Γ)R v2•

r2 v2⋆

)(
1− (1− Γ)R v2•

2 r v2⋆

)−1

(14)

Solution of this equation gives the mach number and velocityin the subsonic part of the

wind. We can clearly see from the above equation that forv• = 0, which will mean the AGN

is not present, the subsonic part of the CC85 solution is recovered. Also, it is recovered

whenΓ = 1 because in that case, although the AGN is present but the outward radiation

force cancels the inward gravitational force everywhere.

C : Mach number versus distance diagrams

Integral of the wind equation (5.26) for the winds with NFW gravity and AGN is,

ln[δ>(M)] = 2 ln[r] + 2 ln
[
2v2crit − 2(1− Γ)v2• + ΦNFW(R)

+ 2(1− Γ)v2•
R

r
− ΦNFW(r)

]
+ const. (15)

where2v2crit = 2v2⋆ − (1− Γ)v2• . The above equation can equivalently be written as,

δ>(M) ≃ A r2
[
2v2crit − 2(1− Γ)v2•

(
1− R

r

)
− 2v2s

(
1− ln(1 + r/rs)

r/rs

)]2
(16)

where the functionδ>(M) is defined in§5.2.1 of chapter 5. In this equation,A is an arbitrary

constant. If we setA = 1/(2Rvcrit)
2, then forr = R andM = 1, both LHS and RHS of the

above equation become equal to unity. In Figure C.1 we plot the contours of Mach number

versus the radius for three galaxies with a different halo masses. The upper three panels

represent the winds without AGN (v• = 0) and the lower three show the effect of the AGN
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momentum injection. Different contours in each panel correspond to a different value of the

constant A. The thick blue contour in each panel represent the case with a critical point at

r = R = 200 pc and this one is used in the main text to calculate wind properties.

With the inclusion of NFW gravity one encounters a wall type of behaviour at a particular

r. Beyond the wall the real and physical solutions are not possible. We would like to mention

here that similar situation arises in adiabatic solar wind problem as shown in Panel (c), Figure

2 of Holzer & Axford (1970). The difference is that in the caseof galaxy, the energy injection

causes a critical point at R=200 pc. From Figure C.1 one can infer the interesting fact that

the AGN is not able to drive the gas out of galaxy for intermediate halo masses but it can do

so in high mass galaxies.

−2
−1
0
1
2

lo
g
1
0
(M

)

Mh =1011M⊙ Mh =1012M⊙ Mh =1013M⊙

0 1 2
log10(r/R)

−2
−1
0
1
2

lo
g
1
0
(M

)

0 1 2
log10(r/R)

0 1 2 3
log10(r/R)

Figure C.1: Mach number versus the radial distance for the winds from a Navarro-Frenk-White dark matter
halo. Upper row of plots shows the effect of gravity of dark matter halo only and the lower row takes into
account both the gravity due to halo and the effect of AGN. Thethree plots in each row are for three different
halo masses. X-axis in each plot extends upto virial radius corresponding to the halo mass used. The thick
blue line represents the solution with a critical point atR = 200 pc, which is used in this work. We have taken
v⋆ = 180 km s−1 .

D : Effects of radiative cooling on steady winds

In this section we discuss the effect of radiation loss on thewind properties. In chapter 5,

we have neglected the effect of radiative cooling, since it is known that the energy loss due

to radiation is too small to affect the dynamics of winds (Grimes et al., 2009). However, the

cooling does effect the thermodynamics of the wind and can cause steeper fall in temperature

as compared to the case with pure adiabatic expansion. We show this here with a simple case

of supersonic escaping wind without gravity for which the wind equation with radiative



Appendices 116

cooling can be written as,

M2 − 1

M2(M2(2/3) + 2)

dM2

dr
=

2

r
+

(ρ2/m2
p)Λ(T )

2ρv ǫ(r)
(1 + γM2) (17)

where we have usedρ = Ṁ/(4πvr2), γ = 5/3 andc2s = 2ǫ(r)/(M2 + 3). HereΛ(T ) is the

cooling rate in erg cm3 s−1. We useΛ ∝ T 0.8 for the temperature range104 < T < 107 and

Λ ∝ T 2 in the temperature range104 < T < 105 (Sutherland & Dopita, 1993). To solve this

equation we have to supplyǫ(r) andṀ . The specific enthalpy,ǫ(r) can be obtained from the

integral of energy equation which is given below,

ǫ(r) =
v2

2
+

c2s
γ − 1

=
Ė

Ṁ
− 1

Ṁ

∫ r

R

ρ2Λcool

mp

(4πr2)dr =
Ė

Ṁ
− Ėcool(r)

Ṁ
(18)

Considering the fact that total energy extracted by coolingover the entire path is∼ 10% of

the adiabatic losses (Wang, 1995; Grimes et al., 2009) we canneglectĖcool as compared to

Ė. Thus we getǫ(r) = Ė/Ṁ = 2v2⋆. Using theǫ(r) and a value forṀ in equation (17), we

can solve it to obtain Mach number as a function of distance.

In Figure D.1 we plot the sound speedcs = [2ǫ(r)/(M2 + 3)]1/2 against r, whereM
is obtained by solving equation (17). We have solved equation (17) for the quiescent mode

(v⋆ = 180 km s−1 ) and the starburst mode (v⋆ = 500 km s−1 ). We have usedṀ ∼ 1 M⊙/yr

and10 M⊙/yr as two fiducial value of mass loss rate for the quiescent mode and the starburst

mode respectively. The sound speed corresponding to quiescent mode is shown by dotted line

and that of the starburst mode by a dashed line. We have also shown the corresponding cases

without cooling using a dash-dotted and a solid line. By comparing the sound speeds with

and without cooling, we find that the cooling causes the temperature to decay more rapidly.

Also cooling is effective at smaller distances (r < 10 kpc) as the density and temperature

are larger there. Wind speed is given by the relationǫ(r) = v2/2 + c2s/(γ − 1) ∼ 2v2⋆. The

terminal wind speed is obtained by neglecting the sound speed which is known to decrease

with distance. As the sound speed go down even more rapidly incase of cooling, therefore

the wind speed beyond a distance of 10 kpc does not differ fromthe case without cooling

and is given by,vwind ≈ 2v⋆. We would like to mention here that qualitatively similar and

quantitatively more accurate result has also been obtainedby numerically solving the basic

fluid equations with cooling for winds from individual star clusters in Silich et al. (2004) and

Tenorio-Tagle et al. (2007). Whether the flow undergoing radiative energy losses can achieve

a steady state, is also an interesting problem. We refer the reader to Silich et al. (2003) where

the time dependent problem on a 2-D grid has been attempted and the result show that the

flow can become steady after sufficient amount of time.
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Figure D.1: Sound speed for the wind with cooling is compared with the corresponding case without cooling.
The Solid and dash dotted lines represent the case without cooling for quiescent mode and starburst mode
respectively. Their counterparts with cooling are shown bydashed and dotted lines.

E : Coupling between dust and gas

The equation for motion of dust grains acted upon by the radiation from AGN can be written

as,

vdr
dvdr
dr

=
πa2QrpL

4πr2c md
− fdrag − fgrav (19)

The first term on right hand side is the force of radiation per unit mass in whichQrp is the

radiation pressure mean efficiency,a is the size andmd is the mass of the dust grain.fgrav is

the gravitational force per unit mass andfdrag is the drag force per unit mass due to the gas

through which the dust grains drift with a velocityvdr. This drag force is given by,

fdrag =
ρπa2v2

md

(20)

whereρ andv is the density and velocity of the gas, anda andmd is the size and mass of

dust grain respectively. The drag force is a resistive forcefor the dust but the same drag

is a driving force for the gas. One has to simultaneously solve this equation along with

the gas momentum equation to work out the general two phase structure of dusty winds.

However many essential features can be captured in a so called ‘single fluid approximation’

where the dust grains attain a terminal drift speed and then the above written dust momentum

equation need not be solved (Simis & Woitke, 2004). In that case one can substitute the entire

radiation force into the gas momentum equation (Equation 5.2 in chapter 5) because of the
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exact momentum coupling between dust and gas. The dust grains receive momentum from

photons and then pass it on to gas particles via collisions which further distribute it to other

gas particles (Gilman, 1972).

The momentum coupling and single fluid approximation can be applied if the dust grains

attain a terminal drift speed quickly within a short distance once they start moving. We

can now verify the validity of momentum coupling in the present case of a galactic outflow.

Assuming a typical density profileρ = ρo(ro/r)
2 and neglecting the gravity in comparison

to strong forces of radiation and drag, we can integrate equation (19) to obtain the following

solution (see also Gilman 1972),

v2dr(r) = v2T

[
1− exp

(
−2ℓ

ro
(1− ro/r)

)]
(21)

where the terminal drift speed of dust grains is,vT = [QrpL/4πcρor
2
o]

1/2 with l = ρor
2
oπa

2/md

andro is the launching radius. How quickly the terminal drift speed is achieved, is decided by

the value of the multiplicative factor2ℓ/ro in the exponential. We can estimateℓ for a typical

grain size of0.1 µm, and a grain mass density of3 g cm−3. The quantityρor2o = ρRR
2, where

R = 200 pc is the critical point,ρR = 1 mp cm−3 which is a typical value at the critical point

in our wind models. Using these values we getℓ ≈ 5 kpc. If the dust grains are launched at

ro ∼ 10 pc, we have2ℓ/ro ∼ 103 and even forro = 100 pc we obtain2ℓ/ro ∼ 102. These

large values of2ℓ/ro imply that the grains attain drift speed within a short distance. Once

the grains are moving with the constant terminal drift speed(vT) the entire radiation force is

transferred to the gas via the drag force. Therefore the exact coupling between the dust and

the gas is justified. Thus the momentum injection force per unit mass of the gas is simply

given byf(r) = ndmdfdrag/ρ. As the dust is moving with a terminal speed, it implies that

the drag force is equal to the radiation force. Therefore we can substitute the radiation force

in place offdrag to obtain the following expression for force on gas (f(r)),

f(r) =
ndQrpπa

2

ρ

L

4πr2c
= κ

L

4πr2c
(22)

whereκ is the opacity for a mixture of dust and gas.

F : Forces due to thin disc

Consider a razor thin disc inr–φ plane as illustrated in the Fig. F.1. Now our task is to

calculate the force components at any arbitrary point abovethe disc. Let us consider an

annulus of the disc betweenR′ andR′ + dR′. Area of the element at point P(R′, φ′, 0) is
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Figure F.1: Schematic diagram for the calculation of gravitational force due to disc in thexy-plane. We
consider an annulus in the disc and an element of area around the point P (R′, φ, 0) in this annulus is considered
here in order to compute the force at a point Q (R, 0, z) whose azimuthal coordinateφ = 0. The point
S (R′ cosφ, 0, 0) is the foot of the perpendicular drawn from P on thex-axis. The pointS′ (R′, 0, z) is at
the intersection of the vertical from S (alongz-axis) and the line parallel tox-axis at heightz. The angle

∠SQS′ = cos−1
[
S′Q
PQ

]
, and∠PQN = cos−1

[
QN
PQ

]
.

R′dR′dφ′. Also take a field point Q(R, 0, z) above the disc plane. Azimuthal coordinate of

Q is taken to be zero for simplicity as we know that azimuthal force components are zero due

to symmetry. Let QN and QM be perpendiculars from Q on thex and thez-axis, respectively.

So we can write,

PN2 = (R− R′ cosφ′)2 + (R′ sin φ′)2

PQ2 = PN2 + z2 = R2 + z2 +R′2 − 2RR′ cosφ′

sin∠PQN =
PN

PQ
(23)

The gravitational force due to the small area element at P is given by

dFg =
G dm PQ

(PQ)3
n̂ ; dm = R′dR′dφ′Σ(R′) (24)

HereΣ(R′) is the surface density of the disc. Now thez component of this force is

dFg,z = |dFg|
z

PQ
=

zGΣ(R′) R′dR′dφ′

[R2 + z2 +R′2 − 2RR′ cosφ′]3/2
(25)
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To calculate the radial component, let PS be the perpendicular from P on the x-axis. Then,

we have sin∠SPN = SN
PN

= R−R′ cos φ′

PN
. Component of the force along the direction of PN is

dFg,PN = |dFg| sin∠PQN = |dFg|
SN

PN
(26)

So the radial component is

dFg,R = dFg,PN sin∠SPN = |dFg|
SN

PN

PN

PQ
=

(R− R′ cosφ′) GΣ(R′) R′dR′dφ′

[R2 + z2 +R′2 − 2RR′ cos φ′]3/2
(27)

G : Cosmic ray driven outflows

Cosmic Rays (CRs) can drive large-scale outflows if the coupling between high energy parti-

cles and thermal gas is strong enough (Ipavich, 1975; Breitschwerdt et al., 1991; Zirakashvili

et al., 1996). CRs streaming along the magnetic field lines excite Alfvén waves through the

‘streaming instability’ (Kulsrud & Pearce, 1969). Scattering off this wave field limits the

CRs’ bulk speed. These waves are then damped, effectively transferring CR energy and

momentum to the thermal gas; hence CRs exert a pressure on thethermal gas by means of

scattering off Alfvén waves.

Ipavich (1975) studied this process assuming a spherical geometry and assuming that the

waves were completely damped away. Later, Breitschwerdt etal. (1991) considered a disc

geometry, and calculated the effect of both small and large damping. They found solutions

of the outflow equations with realistic (∼ 1 M⊙ yr−1) mass loss rates from Milky Way-

type galaxies. Such winds can explain the small gradient inγ-ray emission as a function of

galacto-centric radius (Breitschwerdt et al., 2002). Similarly, an outflow from the Milky Way

driven by CRs explains the observed synchrotron emission aswell as the diffuse soft X-ray

emission towards the Galactic bulge region much better thana static atmosphere model (Ev-

erett et al., 2010). CR-driven outflows, in which the CR fluid provides an additional source

of pressure on thermal gas, may eject substantial amounts ofgas from spherically symmetric

galaxies with a mass outflow rate per unit SFR of order0.2−0.5 for massive galaxies (Samui

et al., 2010). Hence, CR pressure in starburst galaxies would provide a negative feedback to

star formation and eventually limit the luminosity (Socrates et al., 2008). These general ideas

and analytical arguments have been supported by detailed numerical simulations employing

an implementation of CR physics in the GADGET code (Jubelgas et al., 2008). In this ap-

pendix we work out the dynamics of CR driven winds from galaxies. In the next section we

explain the CR streaming and then we present the calculationand our results.
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Cosmic ray streaming

CR proton populations have several properties which could help galaxies to launch strong

winds. SNe are one of the main energy sources of the ISM and they are believed to convert a

significant fraction (10%− 60%) of their energy into CRs via diffusive shock acceleration in

SN remnants (Kang & Jones, 2005; Helder et al., 2009). Also the energy loss times of CRs

are longer than the cooling time of thermal gas in ISM, and nearly all the energy lost by the

CR population through various mechanisms like particle-particle interactions, expansion, or

collective plasma effects (as discussed below) is delivered to the thermal plasma. Therefore,

all energy dissipated by the CRs is gained by the thermal plasma, and hence, the CRs act as

the perfect mediators to transfer SN energy into the wind regions. Compared to the thermal

wind driving process in which a significant fraction of energy is lost via cooling, CRs can

energize the wind with a higher efficiency. The mobility of CRs to travel rapidly along

already opened magnetic field lines and their ability to openISM magnetic field lines via the

Parker instability make them perfect candidates for driving galactic winds.

Mechanism for transport of CRs along the field lines is calledCR streaming, as we ex-

plain below. The relativistic speed of the CRs is reduced as they move along the magnetic

field lines due to ‘pitch angle scattering’. The scattering isotropizes the CRs pitch angles,

and thereby reduces the CR bulk speed. A resonant loop operates in which the scattering

CRs excite the Alfvén waves and the Alfvén waves act as mediators which take the energy

from CRs and transfer it to the plasma through their damping.As the background field lines

are the constituents of the Alfvén waves in the plasma, therefore the scattered CRs should

be riding these Alfven waves, hence their effective streaming speed should be of the order

of the Alfvén velocity (e.g. Wentzel, 1968; Kulsrud & Pearce, 1969; Kulsrud & Cesarsky,

1971; Kulsrud, 2005). However, if the plasma beta is large orin other words, if the Alfvén

velocity is strongly subsonic, then the Alfvén velocity can not be the limiting velocity for

CRs. One can understand it as follows. If magnetic fields become weaker and weaker in an

otherwise unaltered plasma, the Alfvén velocity would approach zero and any CR streaming,

which would be limited to this speed, would vanish. However,weaker magnetic fields imply

weaker coupling of the CRs to the thermal plasma and therefore intuitively one would ex-

pect a larger, or at least constant transport velocity that is independent of the magnetic field

strength in this limit.

Consequently, a number of authors have worked on the problemof CR streaming in

high-beta plasmas (e.g. Holman et al., 1979; Achterberg, 1981; Felice & Kulsrud, 2001),

and a summary of these works can be found in Enßlin et al. (2011). The consensus among

most of these authors seems to be that the limiting velocity is of the order of the sound
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speed in this situation. It can be several times this speed, or less, depending on details of

the pre-existing wave level, thermal and CR energy density,magnetic topology and so forth.

Here, we adopt the pragmatic approach of Enßlin et al. (2011)to parametrize our lack of

knowledge on the precise dependence of the magnitude of the CR streaming speedυst on the

plasma parameters and assume that it is proportional to the local sound speedcs, (υst = λ cs),

with a proportionality constantλ ≥ 1. Here we work withλ = 1.

Outflow dynamics and mass loading

We consider a steady state situation and assume that CRs firstdiffuse out to a height above

the disc, comparable to the scale height. In spherical symmetry, we can write the constant

gas mass flux per unit solid angle,q = ρυr2, whereρ is the gas mass density,υ is the gas

velocity, andr is the radial distance. The mass density of CRs,ρcr, is fixed by the constant

CR flux per unit solid angle in the steady state:qcr = ρcrυcrr
2, whereυcr = υ + cs is the CR

speed.

We will first calculate the terminal wind speed using the Bernoulli theorem, assuming

that there are streamlines along which gas can travel from the disc to a large distance. In

the steady state and for spherical symmetry, the energy equation for a compressible fluid is

given by
1

r2
∂

∂r

[
ρυr2

(
ǫ+

υ2

2
+

P

ρ

)]
= υ · F+∇.Q , (28)

whereF andQ represent the external force and energy flux respectively,ǫ is the specific

internal energy (thermodynamic energy per unit mass), andP is the pressure. Here we have

a two-component fluid composed of gas and CRs. Using an adiabatic index ofγ = 5/3 for

the gas, and writingc2s = γP/ρ, we have the following gas energy equation,

q

r2
∂

∂r

(
υ2

2
+ 3

c2s
2
+ Φ

)
= Λcr−heating, (29)

whereΦ is the gravitational potential andΛcr−heating is the heating term due to damping of

CR-excited Alfvén waves. We neglect radiative cooling forthe tenuous gas in the wind in

this analytical treatment. Sinceρcr ≪ ρ, we can safely neglect the bulk kinetic energy of CRs

as well as their gravitational attraction. Thus, we have (using ǫ = Pcr/3 as an approximation

for ultra-high-energy particles),

qcr
r2

∂

∂r

(
4
Pcr

ρcr

)
= −Λcr−heating. (30)

Here, the negative sign ofΛcr−heating indicates the loss of CR energy due to wave excitation.
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Adding these two equations and integrating, we get the following equation for total energy,

q

(
υ2

2
+ 3

c2s
2
+ Φ

)
+ 4qcr

Pcr

ρcr
= C, (31)

whereC is a constant. Equating the values at the base and the end of a streamline, we have

υ2
∞
2

+

(
3
c2s,∞
2

+
4qcrPcr,∞

qρcr,∞

)
+ Φ∞ =

υ2
b

2
+ 3

c2s,b
2

+
4qcrPcr,b

qρcr,b
+ Φb . (32)

The sum of the terms inside the parenthesis is3/2 times the square of the effective combined

sound speed of gas and CRs at infinity, and is negligible for anadiabatic flow. We are

therefore left with the following expression,

υ2
∞ = υ2

b + 3c2s,b +
8qcrPcr,b

qρcr,b
− 2∆Φ , (33)

where∆Φ = Φ∞ −Φb. We will use the gravitational potential due to a baryonic component

and the dark matter halo, given by the Navarro-Frenk-White (NFW) profile (1996). Since

Φ∞ = 0, we obtain

∆Φ =
GMbar

rb
+

GMh

ln(1 + c)− c/(1 + c)

ln(1 + rb/rs)

rb
. (34)

Here,Mbar is the total baryonic mass andMh is the halo mass of a sphere enclosing a mean

density that is 200 times the critical density of the universe,rs is the characteristic radius of

the NFW profile, in which the density profile is given byρ ∝ (r/rs)
−1(1+r/rs)

−2. Assuming

the initial gas speedυb ∼ cs,b, the gas sound speed at the base, we have an expression for the

wind speed at large distance which depends on the CR parameters and the gas sound speed

at the base. The condition for an unbound flow or the existenceof the wind is given by,

4c2s,b +
8qcrPcr,b

qρcr,b
> 2∆Φ . (35)

Multiplying equation 33 with the mass density, we arrive at the energy budget of the problem,

εwind ≡
ρυ2

∞
2

= εgain − εloss = 2ρc2s,b +
4ρqcrPcr,b

ρcr,bq
− ρ∆Φ , (36)

which essentially states that the kinetic energy of the windis the difference between the total

energy gain and the loss of energy against gravity. In other words, we have,

εwind

εgain
= 1− q∆Φ

2qc2s,b +
4qcrPcr,b
ρcr,b

. (37)
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Now, using the value of CR mass flux at the baseqcr = ρcrr
2
b (υb + cs,b) ∼ 2ρcrcs,br

2
b, we

have

υ2
∞ = 4c2s,b +

16cs,br
2
bPcr,b

q
− 2∆Φ , (38)

εwind

εgain
= 1− q∆Φ

2qc2s,b + 8cs,br
2
bPcr,b

. (39)

In the next step, we want to assess how the wind speed and mass-loading factor scale with

the halo mass. To this end, we have to specify the wind parameters which should reflect

realistic ISM values. We usecs,b = 10 km s−1, corresponding to an ISM temperature of

104 K and assumePcr,b = 10−12 erg cm−3. We adopt a mass flux (per unit solid angle) of

q = 0.01/(4π) M⊙ yr−1.

Observationally the scaling of the base heightrb with vc, exhibits two regimes separated

by a characteristic circular velocity ofυc, crit ≃ 120 km s−1. At υc . υc, crit, the vertical

scale height increases roughly asrb ∝ υc according to two-dimensional fits of edge-on

exponential discs in theKs-band (Dalcanton et al., 2004).∗ At υc & υc, crit, the vertical scale

height appears to be independent ofυc. This behaviour can be understood theoretically by

the following line of arguments. In shallow gravitational potentials, as found in dwarfs, the

vertical scale height should scale with the system size. Hence, we assume the base heightrb

to scale linearly with the disc sizeRd (which is in turn a function of halo mass, according to

the model by Mo et al. 1998). When the gravitational potential of the halo is deep enough,

the vertical scale height is set by the effective equation ofstate of the ISM. For an effective

equation of state ofPeff ∝ ρ2, the solution to the hydrostatic equation yields a verticalscale

height that is independent of surface mass density (see, e.g., Springel, 2000). Hence, the

vertical scale height should be set by radiative cooling (which breaks the scale-invariance

of gravity seen in smaller systems) in halos heavy enough to support a thin disc, i.e., for

M & 1011M⊙ corresponding toυc & υc, crit. This justifies a constant vertical scale height for

these large halos. For our main models, we adopt the following simple prescription for the

base height,rb = 0.5Rd for rb < rb,max. We note that these considerations are also reflected

in simulations by Uhlig et al. (2012), where identical trends are obtained for the dependence

of rb on halo mass orvc.

In Fig. G.1, we show the wind speed at a large distance as a function of halo mass. This

is compared with the rotation speed of the disc implied by thehalo mass, adopting the model

of Mo et al. (1998). We note that in this model, the disc mass (which we equate withMbar)

is a factor∼ 0.05 of the halo mass. In the low-mass regime, the wind speed is approximately

proportional to the circular speed (vc). The wind speed increases with halo mass up to values,

∗Here we assume that the base height of the wind scales with thevertical scale height of the disc.
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Figure G.1: Wind speed as a function of halo mass (equation (38)) for fourmodels where we vary the input
parameters, namely the halo concentrationc, the constant of proportionality connecting the base height rb and
disc scale heightRd, and the maximum base heightrb,max. The blue dotted curve shows the rotation speed as
a function of halo mass.

vwind ≡ v∞ ∼ (200 − 350) km s−1 , depending on the adopted parameters. At halo masses

aroundMh ∼ 1011M⊙, the CR-driven wind is not any more powerful enough to overcome

the increasing potential difference of the halo and ceases.In Fig. G.1, we have also shown

two limiting cases. In the first case, shown by dash-dotted line, we adopt a constantrb and

find that the wind speed remains approximately constant (500 km s−1 ) before going to zero

at a halo mass of∼ 1011 M⊙. In the second case (dashed line) we use therb–Rd scaling

without the cutoff valuerb,max, which causes the wind speed to be non-zero even for halo

masses,Mh > 1011 M⊙. We note that, in the model with the high concentrationc = 21 in

Fig. G.1, the wind speed starts to flatten towards lower halo masses. This is because for these

small halos the (constant) sound speed starts to dominate over the terms accounting for the

loss of energy against gravity and the energy gain due to CR pressure in equation (38).

To estimate the mass loading of the wind, we first estimate thedisc surface densityΣd =

Md/(πR
2
d), where the disc mass isMd = Mh/20. The gas surface density can be written

asΣgas = fgasΣd, wherefgas is the gas mass fraction. To determine the SFR per unit area,

ΣSFR, we use the Schmidt-Kennicutt relation (Kennicutt, 1998),

ΣSFR

M⊙ yr−1 kpc−2
= 2.5× 10−4

(
Σgas

M⊙ yr−1 pc−2

)1.4

(40)
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Figure G.2: Mass loading factorη = Ṁ/SFR (equations (41) and (42)) as a function of halo mass for two
values of the gas fractions,fgas = 0.1 and0.01 (solid and dashed). The two different models both have a halo
concentrationc = 12, as in Fig. G.1. The analytic models compare well with the values of the ‘peak mass
loading’ obtained from the simulations (Uhlig et al., 2012)shown by filled circles.

Hence the SFR of the disc is obtained as

SFR = πr2d ΣSFR = πr2d

[
2.5× 10−4

(
fgasΣd

M⊙ yr−1 pc−2

)1.4
]

(41)

We can estimate the value of the mass flux per unit solid angle,q, for escaping winds, by

requiring thatυwind = υesc = 3υc in the wind equation (equation (38)) and by inverting it to

getṀ = 4πq (for a spherical outflow):

Ṁ =
64πcs,br

2
bPcr,b

9v2c + 2∆Φ− 4c2s,b
(42)

We can divide this by the corresponding SFR of equation (41) to obtain the mass loading

factor η = Ṁ/SFR. In Fig. G.2, we compare the estimated mass loading factor with the

corresponding values obtained in the GADGET simulation (Uhlig et al., 2012). We find that

our simple theoretical estimate describes the mass loadingobserved in simulations reason-

ably well, which scales asη ∝ M
−2/3
h ∝ υ−2

c . Hence we conclude that the mass loading in

CR-driven winds scales with the halo mass in exactly the way that is needed to explain the

low-mass end of luminosity function according to semi-analytical models of galaxy forma-

tion (Bower et al., 2012) and phenomenological simulation models (Puchwein & Springel,

2013).



Bibliography

Abazajian, K. N., Adelman-McCarthy, J. K., Agüeros, M. A.,et al. 2009, ApJS, 182, 543
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