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Synopsis

Galactic outflows are multiphase hydrodynamic phenomesarobd in various wavelengths,
and are thought to be driven by supernovae (SNe), radiatesspre and AGN activity. They
are important as a feedback process for galaxy evolutiothegsare believed to shape the
galaxy luminosity function, enrich the intergalactic madi (IGM) with metals and drive the
universal mass-metallicity relation in galaxies. Theggdascale outflows are observed in
X-rays, Hvy, in the neutral lines such as Waand Mgl , as well as in molecular lines e.g.
CO and H. In this thesis, we study the outflows analytically and ussimgulations. We
obtain interesting results which explain a variety of olsagons such as) the correlation
between the outflow speed and the galaxy circular spegdhé relative importance of ram
and radiation pressure and the importance of cosmic naysopserved threshold of star
formation surface densitgJrr ~ 0.1 M yr—! kpc2), for galaxies to show signatures of
outflows, (v) high velocity ¢ 10° km s~ ) outflows due to the presence of an AGN) (
gas reservoirs in the halos of galaxigs)(ratio of the stellar to halo masses in galaxies. We
also carry out an observational study in which we search torgelation between the quasar
luminosity and the velocity offset of strong Migabsorbers in quasar spectra, and explore the
possibility that a significant fraction of strong Mgabsorbers may arise in outflows driven
by quasar radiation. We describe below the work conceivékdigthesis and our findings.

Radiation driven outflows from disc galaxy

Observational studies of cold phase outfloWs~ 10* K) show that the maximum speed
of outflowing gas is correlated with the circular speed ofdhtaxy (Martin, 2005). Similar
correlations, when used in simulations of galaxy formatiera feedback recipe, can explain
the galaxy luminosity function as well as the enrichment®M (Oppenheimer & Davé,
2006). Such a correlation between the wind speed and cirsplkzed is better explained
by radiation driving as compared to the standard SNe dri{igrtin, 2005; Murray et al.,
2005). We study gaseous outflows along the pole of a galakgrdby radiation pressure
on dust grains. We consider the gravitational and radidbores due to a disc with surface
brightness{) and surface mass density)( We also include the gravitational effect of bulge
and dark matter halo and show that the existence of such 8awiunplies a maximum value
of ~ 1072 for disc mass-to-light ratio. We show that the terminal wépeed is proportional
to the disc rotation speed in the limit of a cold gaseous awtfldsing the mean opacity of
dust grains and the evolution of the luminosity of a simpélat population, we then show
that the ratio of the wind terminal speed,) to the galaxy rotation speed.j is roughly



Uso/ve ~ 3. We find that these outflows can be sustained for a period o Myr after a
burst of star formation, and further evolution of these widdpends on the rate of occurrence
of starbursts.

Furthermore, we carry out a 2-D hydrodynamic simulationaafiation driven galactic
wind from a disc with exponentially varying surface brigbés and mass density, and total
mass of the galaxy similar to that of the Milky Way. We use thé&Thydrodynamic code
developed by Ryu et al. (1993); Kang et al. (1994). We sineulatcylindrical coordinates
and study the structure and dynamics of cool and/or waFfm~( 10* K) outflows. We
have taken into account the total gravity of a galactic sydteat consists of a disc, a bulge
and a dark matter halo. We find that the combined effect ofityrand radiation pressure
from a realistic disc drives the gas away to a distance &f kpc in ~ 37 Myr for typical
galactic parameters. The outflow speed increases rapitiytive disc Eddington parameter
Fo(= kI/(2¢GY)) for I'y > 1.5. We find that the rotation speed of the outflowing gas
is < 100 km s™!. The wind is confined in a cone which mostly consists of lowdag
momentum gas lifted from the central region.

Outflows driven by combined action of radiation and ram pressire

In the standard SNe/starburst driven wind scenario, the cloluds are thought to be en-
trained in the hot phase of flow via ram pressure (e.g. Heclehah, 2000). However, recent
models based on radiation pressure neglect the ram pressardriving mechanism. If one
carefully compares the ram pressure driving and radiatiesure driving, both mechanisms
have limitations. In the case of ram pressure, although thh@&s provides the momentum
to cold clouds, it can also disrupt the clouds via shocks asthbilities and, as a result, the
clouds may not survive long enough (e.g. Marcolini et alQ20Qwhich is quite contrary to
observations in which the cold clumps are seen upto heidhtsi® kpc. On the other hand,
in case of radiation driving, as we mentioned above, thetosities required are quite large,
which may be available only for short periods {0 Myr). In the face of two processes (ram
pressure and radiation pressure) leading to outflows, omeders if both processes con-
tribute equally, or if there are regimes in which one of thegeprocesses dominate over the
other.

To explore these issues, we study gaseous clumpy outflowsdisc galaxies driven by
the combined effects of ram pressure and radiation pressakeng into account the gravity
due to disc, bulge and dark matter halo, and assuming cantsstar formation in the disc,
we show that radiation or ram pressure alone is not suffiéeditive escaping outflows, and
both processes contribute. We show that, in the parameteesyd SFR and circular speed



(v.) of galaxies, the criteria for the outflows can be writtenSER%‘lM@ Jyr Vo0 s> L

We find that the above criteria implies that the winds showdduo in galaxies with star
formation surface density roughbspr > 107 Mg yr—! kpc 2, and thus explains the
observational threshold for winds. We note that the windedpe galaxies with rotation
speed. < 200 km st and SFR< 100 M, yr~1, has alarger contribution from ram pressure,
and that in high mass galaxies with large SFR, radiation fthendisc has a greater role
in driving galactic winds. For galaxies satisfying our oafl criteria, the ratio of wind
speed to circular speed can be approximated,g&;. ~ 10°7 SFRy, . vo 58 . This
conclusion is borne out by observations of galactic windswatand high redshift and also
of the circumgalactic gas. We also estimate the mass loddoigrs under the combined
effect of ram and radiation pressure, and show that the catioass loss rate to SFR scales

roughly aSzJ(le;l, whereX, 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 andribkision of this process in
galaxy formation models can account for observed stellatesd of galaxies at low mass
end. For high mass galaxies, it is believed that AGN feedisaelpes the galaxy luminosity
function. In semi-analytic modelling the SNe and AGN feedlbare used as free parameters
which are tuned to explain the observed galaxy propertigs Baugh, 2006). The literature
lacks an analytical treatment which quantifies the effegra¥ity on SNe driven superwinds.
Also recently, there have been observational indicatibas outflows with speeds greater
than 1000 km/s in many Ultra Luminous Infra Red Galaxies ®GE), are driven by AGN
(Tremonti et al., 2007; Sturm et al., 2011).

To address these issues, we conduct a hydrodynamic studyakaut the steady state
analytical solutions for winds from galaxies with NFW darktter halo. We consider winds
driven by energy and mass injection from multiple superedi&iNe), as well as momen-
tum injection due to radiation from a central black hole. Walfthat the wind dynamics
depends on three velocity scales: {g) ~ (E'/QM)V2 describes the effect of starburst
activity, with £, M as energy and mass injection rate in a central region of sa@liub)
ve ~ (GM,/2R)"? for the effect of a central black hole of mag% on gas at distanc®
and (c)v, = (GM,/2Cr,)*/? which is closely related to the circular speed) (for NFW
halo, with r, as the halo scale radius agdis a function of halo concentration parame-
ter. Our generalized formalism, in which we treat both epeagd momentum injection
from starbursts and radiation from AGN, allows us to estartae wind terminal speed as,
Voo = (402 + 6(T — 1)v2 — 4v2)1/2, wherel is the ratio of force due to radiation pressure to



gravity of the central black hole. Our dynamical model alssdicts the following: (a) winds
from quiescent star forming galaxies cannot escape o < M, < 10'25 M, galaxies,
(b) circumgalactic gas at large distances from galaxieslshuze present for galaxies in this
mass range, (c) for an escaping wind, the wind speed in lowttsmediate mass galaxies
is ~ 400—-1000 km/s, consistent with observed X-ray temperatures; (dpsinom massive
galaxies with AGN at Eddington limit have speegd 000 km/s. We also determine the stel-
lar to halo mass ratio of galaxies, following the scheme sstgyl in Granato et al. (2004).
In this scenario, the rati@v? — (1 —T')v?2]/v? dictates the amount of gas lost through winds.
Used in conjunction with an appropriate relation betwéénand M/, and an appropriate
opacity of dust grains in infrared (K band), this ratio has dfttractive property of being min-
imum at a certain halo mass scald){ ~ 10127125 M) that signifies the cross-over of AGN
domination in outflow properties from starburst activity@tver masses. We find that stellar

mass for massive galaxies scalesiascc M}-*%, and for low mass galaxied/, o M,i’/g.

Signatures of outflows in strong Mgil absorbers in quasar sightlines.

We have carried out an observational study to explore thsilpiéisy that Mgil absorbers in
guasar sightlines are associated with quasar radiatieardautflows. For this we consider
the quasar spectra in SDSS Data Release-7. We divide thenda&bins of luminosity of
quasars and study the correlation between velocity offset (v/c) of strong (equivalent
width > 1 ,&) Mg 11 absorption systems and the bolometric luminosity,() of quasars in
SDSS-DR7. We find that shows a power law increase with,, , with a slope of 1/4, and
such a scaling of with Ly, is expected for outflows driven by scattering of black hoti+a
ation by dust grains, launched from the innermost dust gakvadius. Our results indicate
that a significant fraction of the strong Mgabsorbers, in the range Gf= 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 areutiteitg blocks of the Universe,
galactic outflows play a significant role in shaping the praps of galaxies. They control the
star formation rate (SFR) and metal content in galaxies andlethe intergalactic medium
(IGM) with metals. The word feedback has a general meaningiwtiescribes a loop in
which the outcome of a process influences the inputs as waladBc outflows indeed act as
a feedback process for galactic systems, because they eaggas\and metals and quench the
star formation, which is required at the first place for drgythe outflows. Research on the
galactic outflows span the last five decades and it is one afrthertant baryonic processes
which holds the key for a better understanding of galaxyugiah.

Galactic Outflowsor Galactic Winds$ span length-scales from a few to hundred kpc and
originate from the disc or centre of galaxies. There are nthffigrent phenomenon which
fall under the category of galactic outflows e.g. galactionfimin (with gas falling back
on the disc of the galaxy), galactic supershells which hagerapressed layer of gas, and
galactic freewind or superwind, which is a steady and sméoth of gas. In this chapter
we introduce the field of outflows and provide a literature sawathnical review. We discuss
outflow observations, theoretical models, and physicsigirdy outflows. This introductory
chapter is organised as follows.

In §1.1 of this chapter, we give a general description of gadaginds and discuss a few
early theoretical studies. 1.2 we discuss the importance of outflows for galaxy fornmatio
IGM enrichment and for maintaining mass-metallicity relatin galaxies. Ir§1.3 we survey
the observational studies on outflows and introduce somestoihe observational results.
Among them we also discuss the classification of phases aiitilows. In§1.4, we discuss
different mechanisms for driving outflows such as, the davilue to starburst or supernovae

*Throughout this thesis we use the wondid and outflow interchangeably to address the same phe-
nomenon.



3 1.1. Early theoretical studies

(SNe), due to radiation pressure on dust grains, due to gmaicaays and the driving due to
an active galactic nucleus (AGN). §1.5, we discuss the absorption lines in quasar spectrum
and their origin. In51.6, we discuss the motivations for this study anditZ we describe
the structure of this thesis.

1.1 Early theoretical studies

The possibility that galaxies can harbour large scale wivas explored soon after the mod-
els of solar wind (e.g. Burke, 1968). It was further propoted galactic winds may cause
elliptical galaxies to lose all of their gas (Johnson & Axipt971; Mathews & Baker, 1971).
These early models were hydrodynamical and were inspirethdyrans-sonic solar wind
model developed by Parker (1965). To elaborate, in theskestigalactic outflows are mod-
elled using a set of fluid equations, representing mass, mmeand energy conservation,
which are written in density, velocity (v) and temperaturel() variables. The, v, and T’
are averaged over a fluid control volume or fluid element. €hezpiations can be applied
if the so calledfluid approximatiorholds, 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 ceuiphe ratio of mean free
path to system size for various astrophysical situatiome €an see that fluid approximation
holds good for galactic outflows.

System Size (@) | n(cm3) | T(K) | Amgp (€M) | Amsp/L
Centre of the Sun R, 10%¢ 107 2x1078 | ~ 10719
ISM cloud 100 pc 1 104 9x 10" | ~107°
Galaxy Cluster Mpc 1073 | 3x107 | 5x 10" | ~1073
Solar Wind AU 5 106 2 x 10% | ~ 102

Galactic Wind 10 kpc 1072 108 6 x 107 | ~107°

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

paths are calculated by using the relatibpg, ~ 2 x 10° njl—:/\ cm, based on the Coulomb collisions

(Spitzer, 1962), wherg' is the temperaturey is the density andln A’ is the Gaunt factor.

The review by Holzer & Axford (1970) gives an elaborate actoof the theoretical
aspects of solar and galactic winds. In general an adiath@ticcan not have a critical point.
Continuous energy injection is required in order to haveaadrsonic outflow. In galaxies
the SNe and starbursts are the sources for energy and mastanj Strength of the energy
injection scales with the SFR and hence it is generally moedrburst galaxies.

A milestone work was done by Chevalier & Clegg (1985) in tleigard. These authors
proposed a model for the superwind in the starburst galaxg.M8ey showed that energy in-
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jection in the central region can drive a high velocity owtfle- 1000 km s~* ), which passes
through a sonic (critical) point. In this work the gravity thie galaxy was not considered,
because the velocity of the wind was an order of magnitudedrithen the escape velocity
of the galaxy. Wang (1995) modelled the wind from a power-ggavitational potential and
showed that the wind may escape the galaxy or settle in atgatamcona depending on the
mass of the galaxy. Wang (1995) also determined the masdafiga from which winds
can escape and in which galaxies they will be confined, tlyegabng rise to reservoirs of
gas in halos. Apart from these large scale winds arising tftemuclear regions of galaxies
as envisaged in the above mentioned works, there have begelsrexploring the winds
from individual star clusters. Silich et al. (2011) workewt the free wind dynamics from
super star clusters with exponential stellar density ithstion and, also studied the effects
of cooling on these winds.

1.2 Importance of outflows

1.2.1 As afeedback process in galactic evolution

Galaxies are the building blocks of Universe. A large fractof the matter in galaxies
and, in generak 80% of the matter in our Universe, is in a state which we can net se
directly and it is known as the dark matter. Thus one studieddrmation of structures by
the hypothetical dark matter. The state of the art N-bodyfations track the evolution of
perturbations as a function of redshift in an expanding Erge. The perturbations initially
grow linearly but later turn nonlinear. At a stage when therdensity i$) ~ 1.686, the high
density regions collapse and form viriallized dark mati@iok with a range of masses. One
can catalogue the halos and then derive the mass functiahdee halos. The analytical
methodology devised by Press & Schechter (1974) and latené&d by Sheth & Tormen
(2002), also yield the same mass function and agree with thedy simulations. The halo
mass function generally has a power law form and an expadatl and it is generally
termed as a Press-Schechter halo mass function. The mas®fuserves as an interesting
prediction of the cold dark matter scenario of the structorenation in Universe. In the
left panel of Figure 1.1, we have shown a plot of the halo masstion (figure taken from
Somerville & Primack 1999) . Various lines correspond tottieoretical models differing
in the choice of cosmological parameters, with the preaiicof ACDM shown by a long
dashed line.

The next step is to compare this theoretically derived masstion with the observed
one. In practice we observe the luminosity function for gaa rather than the mass func-
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tion. To convert the luminosity function to the mass funetiove can assume a constant
luminosity to baryonic mass ratio. Another step would thendstranslate the baryonic mass
obtained form luminosity to the dark matter mass. To achibig we may assume that all
the dark matter halos contain a universal fractien1(/6) of baryons. Therefore, by using,
L «< M, = M,/6 we arrive at the ‘observed galaxy mass function’, shown tshedotted
line in left panel of Figure 1.1. The curves clearly show tihatre is some problem with this
simple picture. Although the shape of the mass function @éroe represented by a Press-
Schechter form with power law and exponential tail, howgtlex slopes are not the same.
The observed mass function is flatter and steeper at lowehnighdr mass ends respectively.
Hence the theoretical models seem to over-predict the nuafllos both at the lower and
the higher mass end.

: SCDM 3
77777777 TCDM ]
— ——— ACDM5

0.01

0.001 &

logio (ML /My,)

dN/d(log,, M) [h? Mpe?]
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Figure 1.1: In left panel the halo mass function from cold dark matteothes is compared with the one
obtained from the observed galaxy luminosity (figure is tefkem Somerville & Primack 1999). In the right
panel, the stellar to halo mass ratio is shown as a functidghehalo massi/}), taken from Moster et al.
(2010). The solid line is the best fit stellar to halo massti@ta The light and dark shaded regions extend upto
the 1o and20 uncertainty.

Recent authors have expressed this problem in a differgntlfwae drop the assumption
that M, « M}, then we can consideY/, = f(M;), wheref (M) is a function of the halo
mass whose form is chosen in such a way that the observed onas#oh matches with
the theoretical one. The task is then to find a suitafijlé/;,) which is achieved by using
the conditiomn(< M,) = n(< M;), wheren(< M) represent the cumulative number of
halos upto a particular magdg. Using this technique of ‘halo abundance matching’, one can
derive the shape of the stellar to halo mass functidp & f(M,,)). We show this in the right
panel of the Figure 1.1 from a recent study by Moster et alL§200ne can see the peculiar
shape of the ratid/, /M;, which has a positive and negative slope with a peak roughly a
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M, ~ 10'2 M. From this figure we find that both the low and high mass gatadtéea poor
job in maintaining a cosmological baryon fraction=f1/6. Even the intermediate mass
galaxies can not maintain this fraction, although they heeanes which show a maximum
value of stellar mass to halo mass.

To reconcile with the problem of mismatch between the halegrianction and galaxy
luminosity function, or in other words to explain the shapthe stellar to halo mass function
(right panel of Fig. 1.1), it has been proposed that statbansd SNe provide energy injec-
tion and cause large amount of mass to flow out of the galaxglastic superwinds (Larson,
1974; Dekel & Silk, 1986; Oppenheimer & Davé, 2006). Stanfation is suppressed as the
galaxies lose a significant portion of their baryons due t® iegative feedback. Although
this picture can provide an explanation for the low ratiod/4f/ 1), for the low mass halos,
for the high mass halos, gravity becomes strong and SNe auffient to drive out the
gas. In order to resolve the discrepancy at high mass ends ibben argued that AGN out-
flows may sweep away baryons and suppress the star formatlugh mass galaxies (Silk
& Rees, 1998; Wyithe & Loeb, 2003; Di Matteo et al., 2005; 8gs&l et al., 2005; Croton
et al., 2006; Bower et al., 2006). These two feedback presesghen considered together,
are believed to explain the shape of galaxy stellar masgibtmat both low and high mass
end (Binney, 2004; Cattaneo et al., 2006; Puchwein & Spljrafd 3).

1.2.2 Enriching the IGM with metals

After the formation of galaxies, if there is no interactioetWween the galaxies and IGM,
then the IGM should mostly consist primordial zero metéifigas. However, an interesting
finding is the detection of metal lines in the spectra of thghte quasars (e.g. Songaila &
Cowie, 1996; Cowie & Songaila, 1998; Songaila, 2001; Scletya., 2003). To be more
specific, the low density IGM is partially enriched at all sédt as shown by the studies of
Ly« forest; as suggested by lines such as CCiv , Silv , Ovi and so on. These results
indicate that baryonic processes in the galaxies were nsde for transporting metals to
such large distances. It has been suggested that galatfiowsuresulting from the star
formation process can drive metals into the IGM (e.g. Nathr&itham, 1997; Ferrara et al.,
2000). There are generally two approaches to address thieeprof IGM enrichment. First
one uses semi-analytic models, in which the effect of feekllfiieom halos is studied using
simple prescriptions, where the distribution of halos itoted by using the Press-Schechter
formalism (Aguirre et al., 2001; Madau et al., 2001; Biantterrara, 2005; Bertone et al.,
2005). The second approach uses large hydro and N-bodyationg including complex
baryonic processes, in which the galaxies and IGM are edohi¢h redshift (e.g. Cen &



7 1.2. Importance of outflows

100.0 f T

& Z=0.001 1
o 100 T + ************************ +* ******************** E
;‘ O O b
o 1.0 = o= S e T
= [ Z=0.0001 & E

0.1 1 1 P B 1
1 2 3 4 5 6

REDSHIFT

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

Ostriker, 1999; Cen et al., 2005). In the aforementionedks/dine outflows which enrich

the IGM are generally driven by the SNe explosions. Recenting the smooth particle
hydrodynamics (SPH) code GADGET, Oppenheimer & Davé (2@06sidered the effect

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

would like to mention here that all these theoretical moaels reproduce the values of
observed metallicity in the IGM within an order of magnitudéiich implies that some sort
of outflows were indeed at work for redshift relevant for IGRriehment.

This leads us to yet another interesting fact, which is tipeddence of IGM metallicity
on redshift, which tells us the epoch when the outflows weewaglent. In Figure 1.2, we
have shown the metallicity of the IGM as a function of redstidm Songaila (2001). The
metallicity of the IGM isZ ~ 10~*-10~2 and it remains constant with redshift in the range,
z ~ 2-5. This result indicates that the enrichment of the IGM was gleted fairly early
at high redshifts{ > 5) and forz < 5 the outflows have had little or no effect in altering
the properties of IGM. Furthermore, it implies that the mw# at high redshifts should have
been more prevalent and vigorous. This interesting predidtas now been verified with
observations as well, where the fraction of galaxies shgwiutflows 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 betvtbe luminosity and metallic-

ity in elliptical galaxies. A decade later, Lequeux et aB7{Q) reported a correlation between
the mass and the metallicity in a sample consisting of ifsgand blue compact galaxies.
Tremonti et al. (2004) studied more than 50000 galaxies ii8SHor these correlations
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and found that the scatter in mass-metallicity relation iscimlower than the luminosity-

metallicity correlation thereby showing the importanceaomass-metallicity relation for

galaxies. This fundamental relation have been extendecebyet al. (2006) to include low

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

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

ity will keep on increasing indefinitely. Galactic outflowmseahought to be the mechanism
which can remove metals from galaxies and hence give risgestoliserved Mass-Metallicity

relation (e.g. Arimoto & Yoshii, 1987; Lehnert & Heckman, 28 Garnett, 2002). Another

explanation is via the continuous inflow of metal poor gahiendentre of galaxy (e.g. Finla-
tor & Dave 2006) which continuously dilutes the metals and against the increase in the
metallicity caused by star formation.

In a recent study by Mannucci et al. (2010), it has been shbanthe mass-metallicity
relation is actually a manifestation of a more fundameraktion between the stellar mass
, SFR and the metallicity of galaxies. This work shows that iinetallicity of the galax-
ies decrease with SFR and the gradient increases with dé&ugestellar mass of galaxies.
Galaxies with the highest stellar mass have nearly no vania metallicity with SFR. Fur-
ther, Mannucci et al. (2010) suggest that the origin of thindamental metallicity relation’
should be thought of, as a result of the interplay betweerstieformation activity, infall
of metal poor gas, and the feedback or outflow processes vefjgch the metals. Recently,
Dayal et al. (2013) have provided an analytic explanatiarttie 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 igasinfined to theoretical stud-
ies. There were a few early observations in,hivhich reported explosions in the starburst
galaxy M82 (Lynds & Sandage, 1963; Burbidge et al., 1964)d&mwce for non-circular mo-
tions was also presented in the galaxy NGC 253 (Demoulin &Rigre, 1970). The general
observational picture for many years was that of outflowsdpaimple explosions which
can break-out of the plane of the galaxies. However, thealettudies developed a picture
of large scale outflows which are widespread in many galaielsmore ubiquitous at high
redshift, which possibly have shaped the baryonic andestetintent in galaxies (e.g. Dekel
& Silk, 1986).

Conclusive evidence for the prevalence of outflows came itudysby Heckman et al.
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(1990). These authors presented the emission line stutligslaiminous Infra Red Galax-
ies (LIRGs). There were clear signatures of outflows in thebtlo peaked emission lines,
which originate when the cone of a bipolar outflow cut throtiggline of sight. This work
supported a scenario in which outflows are driven by energaciion due to SNe in the
nuclear starburst region (e.g. Larson, 1974; Chevalier &gJ 1985).

X-ray studies of the outflows were boosted by the launch o€espalescopes. These
observations brought out vertically extended diffuse gambke in soft X-ray emission (see
Figure 1.3, left panel ). One cannot infer the velocity of gas emitting X-rays directly.
However one can use the temperature of the gas to estimateltwty. The temperature of
the X-ray emitting gas is found to be roughiy0.1 keV in nearly all the galaxies having su-
perwinds (Martin, 1999; Strickland et al., 2004). If we asguthe X-ray emitting gas to be a
steady outflow passing through a sonic point, then its velegduld be a few times the sound
speed. Recent works consider a speed of rougdiy600 km s~ for the X-ray emitting hot
wind (Martin, 2005; Murray et al., 2005). Another interesfifact is the spatial correlation
of soft X-ray emission with the W emission (Lehnert et al., 1999; Strickland et al., 2004).
Recently, Cooper et al. (2009) compared various situatielased to cloud—wind interaction
in which the soft X-ray — I spatial correlation may arise.

Absorption lines provide yet another window to probe theagtt outflows. Heckman
et al. (2000) studied the outflow from LIRGs and starbursaxgak using absorption lines in
galaxy spectra. The basis for absorption line studies libénfact that for face on galaxies
the light passes through the gas ejected perpendiculartgalactic plane, hence it gets
blueshifted in the rest frame of the galaxy. The lines tyjgbasen for such studies are Na
and Mgil , which probe the neutral component of the galactic outfloWse advantage of
absorption lines over X-ray studies is the accurate deteatinin of the velocity of outflowing
gas. In the study by Heckman et al. (2000), the velocity oflows were typically in the
range400-700 km s~ ' . However, no correlation was found between the outflow spétd
the galaxy mass or the circular speed. Subsequent absolipigostudies by various groups
have explored many local and high redshift galaxies for owsl(Schwartz & Martin, 2004;
Martin, 2005; Rupke et al., 2005b; Weiner et al., 2009; Koatal., 2012). These studies
have yielded interesting correlations like the scalingutflow speed with SFR and circular
speed of the galaxy for morphologically distinct galaxies.

Outflows are also detected using UV spectroscopy of distamian break galaxies (e.g.
Shapley et al., 2003). Also the spectra of background qusmsaw the signatures of outflow-
ing gas from galaxies situated in line of sight. Recently Tingon et al. (2011) reported
extended QvI absorption features in halos of galaxies, detected in thetspof background
guasars. These authors concluded that many galaxies mayhdwonfined outflows which
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created circumgalactic gas reservoirs. In general therenany absorption line features are
found in quasar spectra in SDSS such ag CMg 11 and so on. The general consensus is that
the strongest (EW 1 A) arise when the line of sight passes through the disc of #hexg,
and the week lines may originate when the line of sight passesgh the extraplanar mate-
rial. The width of the lines suggest a speed 00 km s™! for this extraplanar gas. This gas
may be outflowing with this speed and may constitute a weekctjalwind in these galaxies
(Prochter et al., 2006a).

Morphologically the winds have many different shapes. liagas with very high SFR,
outflows are more or less isotropic with respect to the galasntre. Outflows in disc
galaxies with moderately high SFR, are bipolar in naturethegl have a conical geometry.
The cone opening angles are observed to be in the rang@-ef00°. Outflows with large
cone opening angle typically have large mass loss ratestevimn by Veilleux et al. (2005)
provide detailed information on the aforementioned facts.

We would like to mention here a few limitations of the obséimas. To start with,
although the X-ray observation give vital information or 8patial extent of the outflow and
the temperature, it doesn’t provide any information of teéuity. Absorption line studies
provide accurate information for the dynamics of the outitmygas, however the position
of the outflowing gas is poorly constrained and for face oaxjak can not be determined at
all.

1.3.2 Different phases of galactic outflows

Different observation probe the gas differing in thermad physical properties. For exam-
ple, X-rays probe the diffuse hot gas while spectral linesbprthe cold/warm clumpy gas.
Therefore, galactic winds are a multiphase phenomena. WiMi&e to categorise the out-
flows depending on various phases we observe. We can idéollibyving 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 simplyt‘hend’ in literature. This
phase of the wind is detected in X-rays. The soft X-ray eraissitending to distances of

10 kpc has been found in many galaxies (e.g. Strickland et@D4p 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 passinggh a critical point, located in
the central regions of galaxy where SNe mass and energyiones thermallized. There are
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generally two views about the origin of soft X-ray emittingsy In many galaxies such as the
Sombrero galaxy this hot gas is assumed to be in hydrostgiGil@ium with the halo and

thus itis called the extended corona. This interpretatiay be correct for quiescent galaxies
such as our Milky Way, but for vigorously star forming gakesisuch as M82 this emission

is more prominent and a strong outflow may be inferred, whsdupported by spectral line
studies as well. Therefore the X-ray emitting extraplares o 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 thécapR-band emission (starlight) in green, and
diffuse hard X-ray emission in the 3-7 keV energy band in bllibe image is~-5 kpc on a side. The white
circle encloses a spherical region with radius 500 pc. Inatgken from Strickland & Heckman (200Right
panel: In this HST image, 4 emission from the filamentary and clumpy superwind of M82higven in red.
Ha emission probes the gas roughly at a temperatutébK. Image credits to NASA, ESA, Hubble Heritage
Team STScl/AURA and J. Gallagher (University of WisconsM) Mountain (STScl) and P. Puxley (NSF).

1.3.2.2 Cold/Warm phase

The colder phase of the wind which typically has a tempeeatut 0* K is detected through
the Hy, Nabp and Mgl lines. The Hv line probes the ionized gas and Nand Mg
lines probe the neutral gas. This neutral to partially iediphase of the wind is clumpy in
nature. For example one can see in the right panel of Fig@etHat the cold/warm phase
is filamentary and clumpy in contrast to the smooth distrdsubf the hot phase shown in
the left panel. The cold phase of winds has been studied @xtdy, mainly because of two
reasons. Firstly, we can measure the velocity of this phaseigely due to the presence
of Doppler shifted spectral lines, therefore firm conclasiean be drawn for its dynamics.
Secondly, the origin and survival of cold clumps remains zzfifrom theoretical point of
view. In the standard scenario of SNe/starburst driven syitite origin of this phase has been
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Figure 1.4: The correlation between the cold/warm wind speed and thoaileir speed of the galaxy. The
left panelis from Martin (2005), where the three representative dets are used to show the correlation of
outflow velocity with the circular speed of galaxy. The tides are for dwarf starbursts (Schwartz & Martin,
2004), circles are for luminous infra-red galaxies (Heckragal., 2000) and the squares represent the outflows
detected in ultra luminous infra-red galaxies (Martin, 200The results of another study by Rupke et al.
(2005b) are shown in theght panel in which similar correlation is reported. (Credit for thedtlpanel to C.
Martin and for the right panel to D. Rupke).

linked to thermal instability of the hot phase of the windrthermore it is believed that the
clumps formed from the main flow are dragged with it due to #ma pressure and thus the
dynamics of the cold phase is controlled by the hot phasesofithd. Observations suggest a
more or less constant velocity for the hot phase of wind asiiatl from X-ray temperatures
in many galaxies in a range of circular speeds (Martin, 1998grefore, one would expect
the velocity of the cold phase to scale with the hot wind viyoand be independent of
galactic circular speed as well. Earlier observations stteg this scenario (Heckman et al.,
2000). However, recent studies report a correlation betvilee cold wind velocity and the
galaxy circular speed as shown in Figure 1.4 from Martin Bp®Rupke et al. (2005b).
These results led to new theoretical developments as @dglorchapters 2, 3 and 4 of this
thesis.

1.3.2.3 Molecular phase

Several studies have been carried out, most of them focus@d8@, to detect molecular
lines in the galactic outflow. Taylor et al. (2001) reportetr@planar CO emission in M82
extended upte~ 6 kpc, and moving with velocity~ 100 km s~ . Walter et al. (2001)
presented another study based on CO line, and proposed ator@ecular outflow with
opening angle= 55°. Recently, Veilleux et al. (2009) have reported the dede@odif molecu-
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lar hydrogen which is extended and spread in patches in fensind region of M82. These
authors infer a temperature of the order 00 K for the molecular gas. The existence of the
molecular gas at such extended scales above the galactemises questions. Itis possible
that the molecular phase forms due to the radiative coolfngfteer two hotter phases. In
this case the cool molecular gas may reside in the cores oh\ar10* K) clouds. Detec-
tion of molecular phase is anyway a remarkable fact. It isrgdting to find all the three
standard stable phases of the interstellar medium in trecg@butflows. The old and new
observations together pose a vast range of problems foreties studies.

1.4 Outflow mechanisms

1.4.1 Starburst/SNe driven outflows

SNe explosions are the micro-engines of galaxies, whidatctrgnergy, gas and metals in
the interstellar medium and thus provide fuel for further sbrmation. SNe explosions
drive a shell of compressed material which slows down andlyifilagments via cooling
and Rayleigh-Taylor instabilities. A large SFR implies egjaSNe rate as well. The energy
injected by SNe should then depend on the SFR. For starbailatigs the ISM is highly
influenced by the SNe and as a combined effect of multiple $ieshell of compressed
material may break out of the galaxy, creating a hole in tise dihere a steady free-wind
can develop.

1.4.1.1 Condition for superwind

The condition which should be fulfilled in order that SNe canela large scale outflow was
first discussed by (Larson, 1974). The argument was basedcomparison between the
cooling time (.) of the SNe driven shell and the characteristic collisiometi¢,.), which is
the time taken by a single SNe to cover half of the volume ofsiiece which it will finally
occupy. Thus at a time,,,, the SNe will have half of its volume heated again by another
SNe. Clearly the characteristic cooling time depends orfrgguency of SNe in a given
volume. Using this Larson (1974) derived a critical valuestair formation required for the
medium to be kept hot so as to start a subsonic pressure eéxpamsich can turn into a
large scale supersonic outflow of matter.

The existence of a hot tenuous phase in the ISM as a resuljloftar formation and SN
rate was studied by McKee & Ostriker (1977). Following thisriy we can write the filling
factor of the hot medium created by multiple SNe in any givelume as,f = 1 — ¢ @,
where,Q = SVt,.x IS the porosity of the ISM. Heré; is the SN rate, and V is the volume of
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the nuclear region,,., is the time when the SN remnant will stop expanding (i.e. wien
inner pressure is roughly half of the outside pressure)ndgJtie results of Chevalier (1974)
for tax and Ry, we can write = 10°7EL285_1,n %M P13, whereF is the energy of SN
in units of 10°! erg, n, is the ambient gas density in units of particle/ég,is the pressure
in units of 10* kg K/cc, typical of the ISM in disc galaxies. According to SakrelMF,
typically 10~2 SNe occur for a unit solar mass of star formation. Thus we eptace the
SN rateS by the corresponding SFR per unit volume. Furthermore Hewisc galaxies we
can multiply the SFR per unit volume with the disc thicknes®tain the star formation
rate surface densitykrr). Using an approximate value of a unit kpc for the disc theds)
we obtain the following relation for the quanticy,

Q ~ 5E57 ng™ Pt Sepr o1 Higy (1.1)

which is larger than unity and hence implies a filling factbifox 1, thus the nuclear region
should be filled with hot gas shaken by repeated SNe. In theeabguation, if we set the
criteria for the outflow to b&) > 1, then it would translate to the criteria in star formation
surface density, given bygpr > 10717 M, kpc2 yr—!. Observations agree well with this
criteria as the outflows are generally seen in galaxies wiglobhal Xgrr ~ 0.1 M, kpc2
yr—! (Heckman, 2002).

1.4.1.2 A broad picture

Once the nuclear region is filled with hot tenuous gas and aledhot cavityis formed,

it starts expanding due to its own pressure and drives a ttookpressed shell of the gas
through the stratified atmosphere of the galaxy. In Figubewle have shown a schematic
diagram of the SN driven wind model from Heckman et al. (1990)the left panel of the
figure the shell driven by energy injection is shown expagdimough the vertically stratified
medium in a disc galaxy. The compressed shell is of high tieasid hence it is prone to
radiative cooling and Rayleigh-Taylor instability. At seratage this shell fragments due to
the instabilities, and facilitates the escape of freewiaddath it. This is when the transition
from asnow plougho blow outphase is said to take place.

The free wind is discussed by many authors using the steadg-gsonic solutions (e.g.
Chevalier & Clegg, 1985). We can estimate a few parameterthéofree wind. The ve-
locity of the free-wind can be obtained by equating the epéngection rate to the me-
chanical luminosity in the hot cavityéMv2 — E). Thus one obtains a velocity ~
(2E/M)'2. Considering an extreme case with a high degree of energgtiop we can

use,E ~ (fSN1051 %/Ryr) erg yr-!, where fsn(~ 1072), is the fraction of SNe per unit
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Figure 1.5: Schematic of starbusrt/supernovae driven outflow. Thersigpae explosions and the stellar winds
in star cluster drive a bubble of gas as shown inlétfiepanel If the mechanical luminosity of starburst is large
enough the bubble breaks out of the plane of disk and fraggrieating a freewind behind as shown in the
right panel The fragments of supershell constitute the colder phadetsse are entrained in the free hot
wind. (Source of the figure is (Heckman et al., 1990). Cretfitlie figure to T. Heckman (JHU)

solar mass of star formation. Further by taking~ SFR, we getv ~ 10% km s~ , which
is greater than the escape velocity of galaxy and can eseedg mto the IGM.

Hydrodynamic simulations to capture the essentials of Siedrwinds have been car-
ried out by several authors. Suchkov et al. (1994) simultdteceffects of energy injection
and wind evolution using Eulerial code and confirmed thesgeasented in Heckman et al.
(2000). This calculation revealed features such as thalitnlowout and the development
of free wind in which cold clouds were embedded. The soft Xeaission, the neutral
emission were also reproduced (see also Strickland & S$e(#800)). Mac Low & Ferrara
(1999) set up the hydrostatic distribution of gas in accocgavith NFW dark matter gravity
and studied the conditions for blow out of gas from the galasya function of the mechan-
ical luminosity. In a simulation of outflows driven by SNe finodisc galaxies, Dubois &
Teyssier (2008) found that the outflowing gas has to conteitidl iwfalling material from
halo, which inhibits the outflow for a few Gyr. Fujita et alO4) also studied outflows from
pre-formed disc galaxies in the presence of a cosmologi&all of matter. In a recent sim-
ulation, Cooper et al. (2008) carried out a 3-D simulatiogactic outflows with radiative
cooling. These authors implemented the mass and energyionjedue to SNe, at discrete
points in the galactic disc. They found that the outflow has@a structure with cold phase
filaments present throughout the hot superwind.

Let us turn to the observations of the colder phase obsernvadutral lines in starburst
(see§l.3.2.2 ). To account for these observations, it is propdkatithe cold clouds are
formed as fragments of initial breakout of the free wind, ttua combined effect of break-
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out and radiative cooling. Dynamics of these clouds is gueersubsequently by the ram
pressure offered by the free wind in which these clouds areeeisied. However this pic-

ture has met with difficulties in recent years. Absorptiorelstudies of outflows suggest
a strong correlation between the cold/neutral outflow s@eetithe galaxy circular speed
thereby hinting at a driving mechanism which is more disectlated to galaxy properties,
compared to the ram pressure driving discussed above wheexistence of a strong wind
is essential. It has been shown that the models based orioadmessure driving work

better in explaining this correlation compared to the ragspure driving.

1.4.2 Outflows driven by galactic radiation

Apart from providing thermal energy the starbursts and Sidesaurces of photons as well.
The radiation thus emerging from galaxy may cause the exputs material. The force
exerted by the photons on the gas depends on the mechanidnsapton or scattering
of photons. Photon to dust scattering opacity can be as esge 103 cn? g, hence
the dust can easily be driven out of the galaxy as studied hyirAget al. (2001) in the
context of metal enrichment of IGM (see also Bianchi & Fearaf05). For stellar winds
from massive stars it is now generally expected that the mogssoccurs via a mechanism
in which radiation acts on dust grain which in turn are codpéth the gas via physical or
coulomb collisions. Scoville (2003) used this combinedt@msl gas mass loss by radiation
driving in setting a maximum luminosity for star forming gaies.

Murray et al. (2005) considered radiation driven dusty outfl from galaxies and pro-
posed a critical luminosity of galaxies based on an Eddimgype argument. Interestingly
their calculation showed that the observed correlatiomveen the outflow speed and the
galaxy circular speed shown in Fig. 1.4, comes out natuiallthis case of radiation
driven outflows. We would like to discuss some basics of tamhadriven outflows. Mur-
ray et al. (2005) assumed an isothermal distribution ofl totass in the galaxy, given by
M(r) = 20°r/G, whereo = /%% js the velocity dispersion. The time independent

27ryir
dynamics of dust and gas mixture is governed by followingatigu,

dv kL 202

D 1.2
Udr 4drr3e r (1.2)
whereL is the luminosity which may be due to SNe, stars and/or an AGBlthe opacity of
a dust-gas mixture. This equation can be integrated tombiaifollowing asymptotic wind

speed,

Voo ™ 20 /In(yir/75)4 / L£ -1 (1.3)
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wherery, is the launching radius, and. = [(8wa?c 1,/k) In(ryi/13)], is the critical (Edding-
ton) luminosity required for driving the outflow. For a fixedlue of the ratial./ L. greater
than unity, we obtain « ¢. Therefore, when the luminosity of the galaxy is greatentha
the critical value [.), then the radiation force exceeds the gravity and massoutitcurs.
The above calculation assumes that the outflowing gas isadiytithin. However, similar
result is obtained for the optically thick case as well. Far dlynamics of an optically thick

envelope, we can write,
dv L 202

Mg(r)vﬁ == MQ(T)T (1.4)
whereM,(r) is the mass distribution of the gas, which is related to tked toass distribution
through,M,(r) = f,M(r), wheref, is the gas fraction. The above equation can be inte-
grated to yield once again the solution given in equatio®)(lvith L. in optically thick case
defined ad.. = (4f,c o*/G). Although the radiation driven model work well in accoungtin
for the observed correlations such as the proportionalith@outflow speed to the velocity
dispersion or the circular speed, however, it hinges upercthcial parameter of opacity or
the cross section of interaction between photons and dasigyrFor large dust scattering
opacity in UV, the radiation driving seems plausible. HoeeWV radiation may not survive
upto large distances in the galaxies. The dust grains repsatie UV in IR and this is also
obvious in the spectral energy distribution of galaxies nghtbe main part of starlight is in
IR bands. Recent simulations and radiation transfer catlicud also highlight this where the
general outcome is that in normal galaxies UV luminosityas enough for driving a large
scale outflow (e.g. Novak et al., 2012). However, there alldRtphotons and, although the
cross section in IR is not as high as in UV, but a combinatioiRdb dust scattering and the
enhanced IR luminosity due to the contribution from an AGNyndrive strong outflows.
We wish to take the reader through these calculations inldetarting from driving by UV
photons in chapter 2 and then by IR photons in chapter 5 otlbiss.

1.4.3 Cosmic ray driven outflows

The physics of cosmic ray driven outflows is based on the extiadgt of cosmic rays by the
Alfven waves, the so called ‘streaming instability’. Cosmay particles gyrate around the
magnetic field lines and undergo change in their pitch argteey move. Relativistic cosmic
rays undergo a large reduction in velocities and finally epdlufting with the underlying

Alfven waves. Therefore the bulk velocity of the cosmic régsomes equal to the Alfven
wave velocity. The theoretical basis for the above mecimahizd been worked out long ago
by (Wentzel, 1968; Kulsrud & Cesarsky, 1971; Skilling, 1973 the process the gas gain
energy and momentum and thus the coupled two phase mediusisting of cosmic rays
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and the gas can flow out as a galactic scale outflow. Ipavich5)I®orked out the relevant
fluid equations and discussed a steady large scale traiseadfiow from galaxies, where
cosmic rays supply the necessary energy and momentum. Mptesticated models for
cosmic rays driven winds were later worked out in which it wlaswn that gas flow may exist
along the streamlines which are essentially the magnetidiiobes emerging from galactic
plane and extending to large distances. (e.g. Breitschveera., 1991; Zirakashvili et al.,
1996). Recently, Samui et al. (2008) studied both hot antaidfiows from a realistic NFW
dark matter halo. Recent work on cosmic ray streaming shawtltte drift speed of cosmic
rays in case of hight plasma, is proportional to the thermal or sound speed (Er&Rlal.,
2011, and references therein). Uhlig et al. (2012) impletebthe physics of cosmic ray
streaming in SPH code GADGET and studied the outflows froraxges$ (see also Jubelgas
et al., 2008). This study concluded that cosmic rays caredie outflows from the low mass
(M < 10™M,) halos.

1.4.4 AGN driven outflows

Observationally it has been hard to establish that outflovgmlaxies would have been pow-
ered by AGN (Rupke et al., 2005a; Westmoquette et al., 20dP)vever, recent observa-
tions show compelling evidence for the AGN driving in gaiedutflows (Sturm et al., 2011,
Rupke & Veilleux, 2011; Alexander et al., 2010; Morganti & 2007; Dunn et al., 2010;
Feruglio et al., 2010; Fu & Stockton, 2009; Villar-Martinad., 2011).

AGN is a powerful source of radiation. The radiation from AGah scatter off the elec-
trons and can accelerate them to high velocities. The AGNoearonsidered a point source
of radiation and gravity hence the force due to radiation gwavitation depend inversely
on the square of distance from the centre. The ratio of twoef®is a constant and can be
written asl’ = kpL/(47GM,c), wherek is the Thomson scattering opacifyjs the AGN
luminosity and), is the mass of the black hole. By setting= 1, we can define a criti-
cal Eddington luminosity due to Thomson scatteridgy{ = 47G M,c/ k) required to drive
the outflows. For a black hole of masg® M., the Eddington luminosity if.qq ~ 10%
erg s'. The AGN is situated deep inside a galaxy and its radius ofigtional influence
is more than three orders of magnitude smaller than the $eadght in a galaxy. There-
fore the outflows due to Thomson scattering move freely onsttades of a few pc, after
which, they encounter the dense ISM. These fast nucleaowstibplough through the ISM
and drive compressed shells of gas. Apart from these fas¢auwinds the AGN can fuel
the dust(radiation) driven outflows, through scatteringy®df photons off the dust grains in
surrounding ISM (Murray et al., 2005). The UV to dust scatigicross section is roughly
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thousand times greater than the Thomson scattering crosers€Li & Draine, 2001). In-
terestingly, at a distance of a kpc from the AGN, the graidtadl force will mainly be due
to bulge of the galaxy and therefore would be roughly a thodganes the gravity due to
central black hole, because of thé,—c relation. This reveals an interesting fact, that if the
AGN is at the Eddington limit due to Thomson scattering themauld also be at the Ed-
dington limit set by dust to UV scattering. Therefore an Bddon limited AGN may drive
strong galactic scale outflows as well.

Many sophisticated models have been developed for AGNmigedactic outflows. Mur-
ray et al. (2005) proposed the existence of a critical lursitydor the AGN (or the galaxy)
necessary for the blow-out of all the available gas. Theevalithis critical luminosity de-
pends on the dust scattering opacity at UV. Everett & Mur2g0{) 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 fasflout in the vicinity of hole may
shock the surrounding ISM and can result in a galaxy scaloautWhether the outflows
due to the AGN are energy or momentum conserving has beercaofapebate as well. Silk
& Nusser (2010) argued that energy driven outflows are nadiplesin the galactic bulges.
King et al. (2011) proposed that AGN outflows are momentumedriat small scales and
energy driven on larger scales. Faucher-Giguere & Quaf2@t2) showed that the cooling
in the region, shocked by AGN radiation pressure, may noffeetese and the outflows can
be energy conserving. McQuillin & McLaughlin (2012) studiihe large scale motion of
momentum-conserving supershells from a dark matter haéweRly, Novak et al. (2012)
carried out a radiation transfer calculation assessingffi@ency of various components of
AGN spectrum in driving outflows. This work showed that masthe UV flux is quickly
absorbed and re-radiated in IR. The IR radiation can drivesaycbutflow and may result in
mass loss much higher than the line driving mechanisms,aesconnecting the AGN and
host galaxy as shown by radiation hydrodynamic simulat{@wodnitsyn et al., 2011).

1.5 Quasar absorption lines and outflows

We discuss here the absorption lines in the spectra of guasdrthe nuclear winds from the
AGN, and thus provide the background for the work presentethapter 6 of this thesis.
Absorption line systems in the quasar spectra come in a veidety. There are ‘intrinsic’
systems which are classified as the broad absorption lin&k)(Bith a large trough of
absorption A\v ~ 10°-10* km s~ ) which possibly arise due to an accretion disc continuous
wind, and the narrow absorption lines (NAL) with line widtfas 100 km s ). Apart from
these, a vast majority of absorption systems such as ,MgIl and so on, are generally
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called the ‘intervening systems’ and these systems areldeeward of the Ly emission in
quasar spectra.

Out of these absorption systems the BAL systems are geyénallight to arise in out-
flows launched from the accretion disc around the black hbte AGN is a strong source
of radiation, and it likely produces radiation driven outfgy which may explain the BAL
region. Scoville & Norman (1995) proposed a dust radiatigarr outflow emerging from
close quarters~ 1 pc) of the AGN. Later Murray et al. (1995) worked out a modelioé-
driven wind emerging from the accretion disc around thelblaale in order to explain the
BAL regions. Recently, Dorodnitsyn et al. (2011) have shdwat IR driving of dust and gas
may cause the formation of outflowing dusty torus around taelkhole.

The intervening Mgl systems are thought to be formed due to gas in galaxiesesituat
in the line of sigh of a background quasar. In this scenahie,weak systems (equivalent
width < 1 ,&) are thought to arise, when the lines of sight pass throbglhalos of galaxies.
These weak systems may be inflowing or outflowing with resjeettie centre of the galaxy.
On the other hand, the strong systems (EW A) may arise when the line of sight passes
through the disc of the galaxy. This notion of Mgarising in galaxies situated at cosmo-
logical distances from quasars has only been verified intbgraly for less than 10 % of
the cases. Also, recent studies have found signatures alguxiation of these absorption
lines with the quasar itself (Bergeron et al., 2011). Thestsfindicate that, there may be
an alternative (intrinsic) origin of these Migsystems, where they may be outflows driven
by quasar radiation and approaching towards us with highitexd velocities~ 0.1¢, which
indeed is possible in dust-radiation driven wind scenagig.(Scoville & Norman, 1995).
Mg 11 absorption lines, Doppler shifted by a huge margin from quasdshifts can easily
arise in these radiation driven outflows.

1.6 Open gquestions and motivations for this study

e The correlation between the wind velocity and the galaxyutar speed :
Simulations of galaxy formation show that momentum drivendawith wind speed
proportional to the circular speed of galaxy, reproducegtidaxy luminosity function
and IGM metallicity. Similar correlation is also seen in teservations of cold neutral
outflows (see Fig 1.4). Theoretically the outflows from a djstaxy, driven by the
radiation field of the luminous disc, are unexplored. Thidivates us to study the
radiation driven wind from the disc.

e What drives the cold outflows : ram pressure or radiation ptes ?
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1.6. Open questions and motivations for this study

In the standard scenario of SNe/starburst driven outflaggéenerally thought that the
clumps forming cold phase of outflow, are dragged due to themassure of the hot
phase. However, the observed correlation of cold wind spaddjalaxy rotation speed
is better explained by only radiation driven wind scenaHowever, the ram pressure
can not be neglected if the cold clumps are embedded in thédvat It therefore
becomes important to study the combined ram pressure araticadpressure driven
outflows, which will determine the regime of galactic masd &fR in which the ram
pressure is important and, the regime in which radiatiosgree prevails.

Observed high velocity outflows & 1000 km s~' ) in AGN host galaxies :

Detection of AGNs in outflow hosting ULIRGs have been an a&ctivea of research
in recent years (e.g. Rupke et al., 2005a). Many of the ULIR@d an AGN at their
centres. However, we are not sure whether AGNs have anyrraleving outflows in
these galaxies. Recent studies reveal an interestingintviche between AGN driv-
ing and pure starburst/SNe driving (Tremonti et al., 20Qdr8 et al., 2011). These
studies indicate, if the galaxies hosting an AGN have outltiven the speed of the
outflow exceed$000 km s~' . This interesting finding begs a theoretical explanation.

Effect of gravity due to dark matter halo in quenching theflouts :

The hydrodynamical steady wind model of Chevalier & Clegg§8@) ignores grav-
itational force, which is justified for M82 and other dwarédiursts where outflow
speeds are quite large than the galactic escape speedsf@di@egravity have been
studied for cosmic ray driven outflows recently (Samui et2008). However, there
have been no analytical extension of the steady hydrodyn@hie driven wind model,
which includes the proper gravitational force of a dark erattalo. This motivates us
to construct analytic steady wind solution for a NFW dark terahalo, with energy
and mass injection from the SNe.

Can reprocessed Infra Red (IR) radiation from AGN drive gglacale outflows ?
The UV radiation from galaxies can drive strong outflows inahhphotons are scat-
tered off the dust grains and inject momentum. The gas initugoupled with the
dust and can be propelled as an outflow (Murray et al., 2008784 et al., 2011).
However, this idea has been questioned recently on the @ngfuimat the UV light is
heavily attenuated and reprocessed in IR and may not beablaih amounts required
for driving. As for the driving due to IR, the opacity in IR w6 orders of magnitude
smaller than in UV (Li & Draine, 2001), therefore, it is spéated that IR radiation is
not capable of driving outflows (Socrates & Sironi, 2013).wewer, this conclusion



Chapter 1. Introduction 22

may change if one considers the enhanced IR luminosity dileet@resence of an
AGN. Quantitative estimates are needed to test these ideas.

e Mismatch between halo mass function and the galaxy luntinfesiction ‘aka’ depen-
dence of the stellar mass on halo mass :
This is the main cosmological motivation for studying géilaoutflows. It is generally
believed that feedback plays an essential role in shapmgdhaxy luminosity func-
tion. However, the semi-analytic models asses the amoufgealback through few
free parameters. How the galaxies produce this feedbadides), and the possible
dependence of outflow velocity and mass loss rate on galaess, are some of the
questions which are still under debate.

e Are all the Mgll absorbers in quasar sightlines intervenihg

Magnesium absorbers in quasar sightlines are thoughtde ergalaxies falling in the
line of sight. The reason for considering these systemstas/aning is the large ve-
locity offset (or equivalently the redshift difference)tiveen the quasar emission line
and Mgl absorption lines. However the dust radiation driven windgy @ccelerate to
velocities as large as 0.1 ¢ (Scoville & Norman, 1995). Therefore, it is worth con-
sidering the possibility that, many of the absorbers miglgioate in radiation driven
outflows from quasars. This idea can be explored by studyingdrrelation 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 radiatramf the galaxy.
We consider the momentum injected by photons to dust graimehnare coupled with the
gas and study the wind along the pole-éxis) of the galaxy. We consider the gravitational
field due to bulge, disc and dark matter halo. We derive thditions for escaping winds in
terms of the disc Eddington factor at the balsg) (which is the ratio of the force of radiation
to that due to gravity for a uniform disc. We find that for a dams$I",, the outflow speed is
proportional to the circular speed.] of galaxies. We then calculate the expected value of
'y for an instantaneous starburst and the calculate the pomedsg outflow speed.

In chapter 3, we present 2-D numerical calculation in cylindrical cahoates to study
radiation driven wind. We consider the radiation force framniform density disc and from
a realistic exponential disc in this simulation. We expltre 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 rraticlouds
above the plane of the galaxy. The dynamics of a cloud isetuas an interplay of the force
due to radiation and the combined gravity of disc, bulge aar#t dhatter halo. We consider
the driving due to radiation from the disc (mediated by dusairgs) and also ram pressure
force due to a hot continuous wind. The ram pressure is dirpaportional to the mass loss
rate and hence to the SFR of the galaxy. We consider the i@ufatce due to a continuously
star forming disc, therefore, it also depends on the SFR.gfaatational forces depend on
the mass of the galaxy and hence on the circular spegdWe then study the dynamics of
clouds in the parameter space of SFR andvhich covers a wide range of galaxies in which
outflows are observed. We derive the critical value of SFR@anéor producing outflows
and also explain theoretically the observational threslodlstar formation surface density
required for galaxies to show outflows.

In chapter 5, we study hydrodynamic wind in which the energy and mas<iige is
supplied by SNe and the momentum injection from an AGN, ath beluded in the same
framework. We then describe two modes of SNe energy injeastibich can be related to
the two modes of star formation in galaxiesg@escenimode and atarburstmode. We
consider the momentum injection from IR radiation from th @M We derive an analytic
solution for this problem and calculate the wind velocitgsglensity and temperature as
a function of distance from the centre. We find out the coadgifor escape and calculate
asymptotic terminal speed of the wind. We quantify the gadawass for which AGN should
be effective and the outflow speed in this case. We then démévscaling between the stellar
mass and the halo mass, based on an interplay between thegasacooling, star formation
and mass loss.

In chapter 6, we report a correlation of the velocity offsét)(of Mg 1l absorption line in
the spectra of quasars and the bolometric luminosity of thesgr. It is believed that strong
Mg Il absorbers in the quasar spectra arise due to interveniagigal However, these Mg
lines can also arise if the absorbers are the material outftpwith high velocity ¢ 0.1 ¢)
with respect to the quasar and moving toward the observénasthe origin of line shift will
then be due to the Doppler effect. In this scenario, if outi@ane driven by radiation then a
correlation between the velocity offset of absorbers aeduminosity of quasar is expected.
We search for this correlation in SDSS data release 7 andtrepofindings.

We conclude and summarize our results in the ¢astpter 7 of this thesis. At the end
we have included supplementary material as Appendicelsidimg a calculation of cosmic
ray driven winds in Appendix G.



Chapter 2

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 whiealpas the observed properties
of galaxies like the stellar mass and metallicity. In theefad competing theories for out-
flows, cosmological simulations of galaxy formation indécethat momentum driven winds
in which the wind speed correlates with the circular speethefgalaxy, better reproduce
the observed galaxy luminosity function as well as the IGNathety. Such a correlation
is also reported in recent NaD and Mgll line observations offlows from a wide range
of galaxies. We consider outflows composed of dust and gach ate driven by radiation
from a galactic disc and search for a theoretical answer te tjuestion, as to why such a
correlation should exist.

Main Results

e We calculate the force of radiation and gravity from a flatdi/e define the ratio of
the force of radiation to that of gravity using a paraméigr

e Using the scattering opacity for B-band light for a dust-gasture, we derive that a
minimum value ofl’y ~ 3 is required to drive out the mass from a galaxy consisting
of disc, bulge and dark matter halo. We then solve for the dpéeadiation driven
outflow from a dark matter halo and find that it weakly dependshe redshift given
that the dust content is maintained with redshift.

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

e Using the absolute B-band magnitude for instantaneoubwstr model of $SAR-
BURST99, we find the time evolution of luminosity and herdggand find that average
value ofI"y over the typical lifetime of starburst is 4. Using this we find that the
terminal speed of outflow is roughly three times the galargutar speedi(,, ~ 3v.).



Chapter 2. Radiation Driven Wind from Disc Galaxy 26

2.1 Introduction

In the standard scenario of starburst/SNe driven outfldwesirtterstellar medium (ISM) of
the starburst galaxy is heated by SNe and the thermal peeséuthe hot gas drives the
outflow of gas. Larson (1974) argued that SNe in a star forrgalgxy can drive an outflow
in excess of the escape speed from the galaxy (see also De®Rék&1986; Tomisaka &
Ikeuchi, 1988; Suchkov et al., 1994; Mac Low & Ferrara, 199Bhis scenario, however,
has met with problems from new observations. Recent ndutsastudies of cold outflows
(T ~ 10* K) show that the maximum speed of outflowing gas is correlatitd the star
formation rate (Martin, 2005). Observations of Lyman brgalaxies (LBG) at ~ 3 have
also found a correlation between the outflow speed and the&RRell as with the reddening
due to dust. Also the SN explosions in disc galaxies may ordggce a thickening of the
disc gas because of the incoherent nature of these exptofioagile et al., 2004). The
starbursts and SNe not only provide mechanical energy layt dine also rich sources of
radiation. Moreover, disc galaxies have a plenty of dussgmein their ISM and the photon-
to dust scattering opacity can be as high@scm? g—! (Draine, 2003). These facts indicate
that radiation pressure on ISM of galaxies may lead to gadasje winds.

Wind driving due to to radiation or the so called ‘momentunvidg’ is less explored
compared to the standard SNe/starburst driving i.e. theggriving. Murray et al. (2005)
explored the radiation driven outflows from galaxies andwsftbthe existence of critical
luminosity of galaxy for driving shells and clouds of gas.tiN& Silk (2009) discussed a
hybrid model of outflows with radiation and thermal pressiRecently, Zhang & Thompson
(2012) have calculated the dynamics of dust particles tteadaven by radiation of disc
galaxies.

In this chapter, we study dust driven gaseous winds fromnoos disc galaxies. We
calculate the force of radiation and gravity due to a flatqdsy/stem in§2.2. In§2.3, we
estimate the terminal speed of the combined gas and dustélknvg into account the gravity
of the dark matter halo, apart from the disc forces §2r8.3 we calculate the disc mass-to-
light ratio that is expected from stellar population sysisenodels. We use this mass to
light ratio to estimate the outflow speed and then compareesuits with the observations
and cosmological simulations.

2.2 Radiation driven wind from a flat disc

Let us consider a disc of radiug;, constant surface mass densify) @nd surface brightness
(I). In cylindrical geometry, the force of gravitation, anéatllue to radiation, along the pole



27 2.3. Gaseous outflows

of disc, are given by,
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wherex is the average opacity of dust grains to absorption andestagtof photons, and
the limit of integration is fronD to R,. The ratio of the radiation force to the gravitational
force, which we call the Eddington ratio, increases withtitbgyhtz, beginning with a value

of 'y = % at the disc centre at= 0. From energy conservation, it can be found that the
velocity at a height is,
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This would imply a terminal velocity of., ~ \/4rGXR4(wTy/2 — 1), with a lower limit
onI'y ~ 2/x for driving an outflow from the disc. Assuming a flat disc, wdlierage
rotation speed ofv. gisc) ~ %\/TFGZRC{, the terminal velocity can be written ag, =

2
mate is based on the forces due to disc only. The galaxy, hevwmntains a bulge and a

dark matter halo which is more massive than the disc. We detooexplore the outflow

4(1/ ™0 — 1) (v, gisc), Which yields a valuer,, ~ 3(v.gis), for Ty = 1. The above esti-

dynamics by including all these components.

2.3 Gaseous outflows

We explore the dynamics of a steady wind in which dust is gfeg@utwards by radiation
pressure and drags the gas with it. We do not consider theetiadields and we assume a
perfect collisional coupling between the dust and the gasiwis shown to hold in circum-
stances of cold wind (Murray et al., 2005). In the purview o$ddriven wind model, there
is a maximum temperature of the gas in which dust grains canvsufor the duration of
the wind. We will show below that the characteristic timelscof these winds is of order
10 Myr. The dust sputtering time-scale in a gas of temperafure 10° K and densityn is

~ 10>5(n/1ecm™3)~! yr for a grain of size~ 0.1 um, and it is~ 300 times larger for a0°

K gas (e.g. Tielens et al., 1994). For cold/warm winds cagr&d here for which the typical
temperature is- 10* K, we can simply ignore the disruption processes.

Another fact which we would like to mention here is that, thedEgton ratio in this
problem is different from the one usually defined for a staAGIN. This is because of the
cylindrical geometry of this problem, due to which, thevaries withz. We thus calibrate
our results in terms of Eddington ratio at the bdsg (vhich is defined a§y = x1/(2¢GY).
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Also we emphasize thdi, refers only to disc parameters afig = 1, does not signify
Eddington criteria or threshold luminosity for a galactystem 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 dnd surface brightnesg)( of radius
R4, which engulfs a bulge and has a surrounding halo of darkematMe assume a spherical
distribution of mass in the bulge and the halo. For the bulgeassume a total mass f,
inside a radius;, < R,.

We consider a Navarro-Frenk-White (NFW) dark matter halav@ro et al., 1996), with
total mass\V/,,. The halo is characterised by a concentration parameter-;, /rs. We fix
the total halo mass for a given disc mass;(= 7= R3Y), by using the ratid/;, /M, ~ 1/0.05,
as determined by Mo et al. (1998). We also use the disc expi@heoale-length defined by
these authors to represent the size of digg (n this work. The rotation speed implied by
the NFW mass profile rises to a maximum value at a raétius 2r,, and it is given by,

In(3) —2/3
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whereuv,;, IS the rotation speed at the virial radius. We choose thigevaf the maximum
rotation speed to represent theof the disc galaxy, since Figure 2 of Mo et al. (1998) shows
that the value ob. from the flat part of the total rotation curve does not diffeain from
the peak of the rotation curve from halo only. We also ts&?; ~ 0.1, and M,/M,; ~

0.5, consistent with observed range of luminosity ratio betwieelge and disc (Binney &
Merrifield, 1998). We use radius of the bulge)(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 fattttie Bernoulli function is
preserved along a streamline, assuming that a streamlieedsc<from the base to infinity. In
an isothermal wind the terminal speed tends to infinity asvinel maintains constant sound
speed. It is however more reasonable to assume a polytrqpatien of state.

One can write the Bernoulli equation for a polytropic gasifveidiabatic index = 5/3)
along a streamline along the polé;: + f_gl + ¢ = F, wherec, is the sound spee@, is the

potential and¥ is a constant. Equating the values at the base and infinitgewve

2 2 2
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whereu, is the wind speed at the base= 0), ¢, is the sound speed at the base, and is
the sound speed at infinity, which is negligible.

2
®= —2rGYR.otan"'(z/Ry) + 2rGER, (Ri 1+ z—>
d
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wherer = VR2 + 22 andM, = M, /(In(1 + ¢) — ¢/(1 + ¢)). In the above equation, the
first term denotes a pseudo-potential due to radiation pressThe second term refers to
the gravitational potential of the disc. The last two termgresent the effect of the bulge
and halo gravity. We have also assumed that the bulge exeegligible radiation pressure,
since the dominant bulge stellar population is old and retltae mean opacity of dust
grains in these wavelengths is smaller than in blue band.

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

GM, GM, [In(1 .
Oy = —9rGIR, — rbb - [n( r;r/:b/r)}
o, — —2wGZRd<¥> . (2.6)

The radiation pseudo-potential is zero at the basebﬂtGERd(FOT”) at infinity along the
pole. Since the dark matter halo is truncated,at its potential vanishes at infinity.

Itis reasonable to assume that the wind speed at the basascable to the sound speed
in the disc ¢, ~ ¢;;). Putting it all in equation (2.4), we have the following eggsion for
the terminal speed,

v+1 GM,
V2 = [7 - 1036 + 27l R,
4G M, 2G M, 2G M In(1 + 7y /7,
[ 0+ e/ )]. 2.7)
Rd Tp Ty

In Figure 2.1 we have shown the dependence.ofv. on Iy, and on the concentration
parameter. We have used, , = 0, as for the cold/warmI{ ~ 10* K) outflows considered
here, the sound speed will have a negligible effect on wingadyics. We note here that,
although the sound speed makes a small difference in théa@rspeed, it helps establishing
a quasi-steady regime in the outflow by redistributing trespure over the whole flow. The
curves in Figure 2.1, show that there is a minimum valu&pf- 3 for the wind to reach
infinity. In general the wind speeds are lower for largédashed curve), which is the case
of low-mass and more compact galaxies, but the variatiomals It is interesting to note



Chapter 2. Radiation Driven Wind from Disc Galaxy 30

I e L L L B B BB (N B B B B

Olllll
3 3.5 4 4.5 5 5.5 6

Io

Figure 2.1: The ratio between,, andv, is shown as a function df, for galaxies with two different concen-
tration parameter, for cold gaseous outflow.

here that the wind requirdg, > 1.

We next use a relation between the concentration parameted galactic mass given
by Maccio et al. (2007), and calculate the wind speed foaxjat with different masses,
or rotation speeds. One can extend the calculations to higdshift by using the scaling
coc (1+2)71. We useQy = 0.27,h = 0.7, and calculate the NFW parameters for the
A-cosmology. Figure 2.2 shows the resultsdgy/v. as a function of’, for differentv,, at
z = 0and atz = 6. The curves show that the, /v. depends mostly ohi, and varies weakly
with rotation speed and redshift. We next explore the gaestihat determines the value of
[’y which is a crucial parameter for the wind dynamics.

2.3.3 Evolution of wind speed with time

We recall that the value df, depends on disc parametels () and dust grain properties
(throughk). Consider first the value of/I that is essentially the disc mass-to-light ratio.
One can compare the observed values of mass-to-light rattotlne minimum requirement
as derived above. Li & Draine (2001) give the mean opacityglas mixed with dust as
~ 128 cm? g~! in U and~ 93 cnm? g~! in the B band. Here we shall consider the B band
value as a conservative estimate. This gives us a maximumne wdldisc mass-to-light ratio
required for the outflow to occur, given by /L ~ k/(2¢GT). The maximum value thus
required is% =Tp~ 102

This critical limit on discY 3 for the galaxy to have winds, is much lower than the

observed values in present day disc galaxies. The Milky Wag Has a local value of
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Figure 2.2: The ratio between, andwv, is shown as a function df, for galaxies with different.. at two
different redshifts.

YTp ~ 1.2+ 0.2 (Flynn et al., 2006), and the typical value for disc galaxge$.5 + 0.4
(Fukugita et al., 1998). We note that according to Flynn e{2006), a third of the total
disc mass comes from gas and the rest from stars. Starblagtegacan have a much lower
value of Y 5. The estimated// Ly, 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 t&mi
& Gallagher (2001) has estimated thfer ~ 0.02. These low values of are believed to
arise from a top heavy IMF and young age of the stellar pomiatomparing with the pre-
dictions from population synthesis models (e.g. Kotilaiee al., 2001; Smith & Gallagher,
2001).

For an instantaneous burst, suitable for starburst galattiese models predict an initial
period of roughly constant luminosity far < 3 Myr followed by abrupt behaviour and
then decrease in the luminosity afterwards (Leitherer.el8P9; Bruzual & Charlot, 2003;
Vazquez & Leitherer, 2005). For a Salpeter IMF and a steflass-luminosity relation of the
type L o< M7, the late-time decay of the luminosity is given byx ¢ ~(8=1:35)/(5=1) (o¢ =09,
for § = 3.5). The initial period of rather constant luminosity stemanfrthe fact that while
low-mass stars are yet to collapse, the massive stars egoiekly, and the duration of this
period corresponds to the main-sequence life-time of th&t massive stars.

Using these models we determine the expectedfliscatio as a function of time after
an instantaneous starburst. Using the results from STARBIER (Leitherer et al., 1999),
for solar metallicity and a Salpeter IMF betwegn and100 Mg, and usingM/z o, = 5.45,
we have calculated th€ z as a function of time. Using the mean dust opacity for B band,
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Figure 2.3: The evolution ofl"y with time is plotted using a solid line. The dashed line repres the minimum
value ofl'y required to have a non-zero wind terminal speed.

we calculated the time evolution 0f. We have plotted th&, as a function of time after
the starburst in Figure 2.3. We have also shown the minimdoevaf I'y ~ 3 required for
having non-zero wind terminal speed using a dashed line. Wdetiiat for a period of0
Myr, T’y stays above the critical value. Time averaged valug,afver a period of 10 Myr is
~ 4.2, therefore the galaxy can host a wind for a time of 10 Myr. Is time the wind should
be propelled to roughly 7 kpc. A typical starburst lasts fer 10 Myr, which implies that,

if roughly after this time the old generation of starburstseplaced by the new, then the
starburst galaxies should be able to maintain an aveﬁage 4 for a long time. Using this
value, we find the wind terminal speed as a function of galéqular speed using equation
(2.7). In Figure 2.4, we have plotted the terminal speed &axes at redshifts = 0,2, 4
and6, using black, red, green and blue lines respectively. Fiuesd curves one can infer
the result that,, < v.. There is a mild flattening for higher redshifts indicatinglape
slightly lower than unity, which is due to the dependenceadbltoncentration parameter on
halo mass and redshift.

In Figure 2.4 we also find that the terminal wind speed is rdutiiree times the circular
speed of the galaxy{, =~ 3wv.). This result can be compared with the observed range of
maximum wind speed. Martin (2005) found that the maximunedps clouds embedded in
outflowing gas ranges betwe2n3 v. and Rupke et al. (2005b) found a rangd®67-3] v..
Figure 2.2 and 2.4 also show that the wind speed is somewlalesrat high redshift. The
reason is that the galactic mass for a givgis smaller at high redshift, butoc M2 (1 +
z)~!, and the mass effect outweighs the redshift effect. Howethervariation ofv. /.
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Figure 2.4: The terminal wind speed is plotted against galaxy circuperesl for redshifts = 0,2, 4 and6.
We have used an averaljg ~ 4.2.

with redshift is expected to be small in this model, much $enslhan 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 haverminal speedycc ~ 3v,, for

a combination of reasons that involve stellar physics ardé¢hation between disc and halo
parameters. It is interesting that this result coincides wbservations.The strength of our
approach lies in the fact that the terminal speed calculas&ng the Bernoulli function is
independent of the streamline used by the gadpng asstreamlines do extend to infinity,
which is our basic assumption. Below we discuss a few imptioa.

In the scenario of energy driven winds, the IGM is believedeg@nriched by winds from
dwarf galaxies, since they were numerous in the early usev€gilk et al., 1987; Nath &
Trentham, 1997; Ferrara et al., 2000; Cen & Bryan, 2001; Madal., 2001; Aguirre et al.,
2001). However, in the case of dust-driven winds, the inguare of low-mass galaxies in
IGM enrichment should diminish because of the correlatign < v.. Our calculations
here show that the wind speed depends strongly on the tinpseslaafter a starburst, or
more generally on the star formation history and parameteis believed that the IMF is
weighted towards massive stars at high redshift (Schné&d@mukai, 2010), in which case
the wind speed likely increases with redshift. In this cémeedontribution of dwarf galaxies
at high redshift may still be important.
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Recent simulations for IGM enrichment including momentuimeh winds have used the
ansatzv,, ~ 3v. (Oppenheimer & Davé, 2006). It has been suggested that tdmeemtum
driven winds drive a feedback loop that resultsvig « v, (Martin, 2005; Murray et al.,
2005). Our calculations show that such dust-driven wine@spassible from disc galaxies
certainly for a period of-v 10 Myr after a starburst, and the outflow may continue for long
time if the rate of occurrence of starbursts is large. Siheentind speed depends strongly on
the value of disé, which depends on the IMF (being smaller for a top-heavy INH¢ wind
speed is expected to be larger for a IMF skewed towards neastws. The implications
needs to be studied with numerical simulations using matifiieescriptions for the wind
speed. It is possible that this put constraints on the matglbf the wind gas. In addition,
as the dust opacity is proportional to the metallicityx 7, the existence of a threshold
needed for the wind to reach infinity suggests that only métalgalaxies can enrich IGM.

We note that our calculation does not determine streamlimglout which we cannot
calculate the density structure in the wind, and therefareot derive the mass loss rate.
In the case of single scattering, the maximum mass loss sat¢ ~ L/(v..c) (Murray
et al., 2005). This recovers the scaling thdt o v, ! adopted by numerical simulations
(Oppenheimer & Davé, 2006). Taking our results into actoine mass loss rate for a given
luminosity is expected to be lower at high redshift, becanigbe possible rise of,, with z
arising from IMF evolution.

In summary, we have shown that the terminal spagg) (correlates with the galaxy
circular speed for radiation driven outflows from disc gaax We have found that, for an
instantaneous starburst model, the terminal speed s 3v., which results due to the high
value of disc luminosity to mass ratio. The terminal speéskaras a result of various factors
such as the photon output from instantaneous burst of stdrthe gravitational force of the
disc, bulge and dark matter halo. We have shown that dugtrdwinds 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 outflthilse galaxy has a high rate of
occurrence of starbursts, then the winds can be sustaineddag time.
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Radiation pressure on dust grains is an important mechamgsdrive large scale outflows.
Recent theoretical modelling focuses on one dimensionallzions to determine the re-
quirement on luminosity and possibility of such outflowsnfretarburst galaxies (Murray
et al., 2005; Sharma et al., 2011). However, the 3D structifréhe outflow is yet unex-
plored. Also the work presented in previous chapter comsidedisc with uniform surface
density and uniform brightness for analytical simplicity.reality the mass and light distri-
bution in a disc galaxy is better represented by an expoakriti this chapter we model the
outflow from an exponential disc using 2D simulations inrayfical geometry. We explore
the structure and rotation of the wind material.

Main Results

e We compute the force of radiation and gravity at a given pdum to a disc with
uniform and exponential distribution of mass and light ia thisc plane.

¢ We find that for non-rotating outflow from a uniform densitgcdihere is radial inflow
of matter from the outskirts of the galaxy. The wind formedasical in shape. The
wind cone initially diverges but later its area of cross mectbecomes constant.

e For a disc with exponential distribution of mass and brigiss) the non-rotating wind
has a conical shape with half cone angle of roughlg0°. Compared to the case of
uniform density disc, there is no significant radial inflongafs lifted from outskirts of
disc.

e We then model a rotating wind from an exponential disc. Tlgatanflow is now
absent as the centrifugal force compensates for the inwardffgravity. The resulting
outflow is of conical shape. Apart from the central cone regin@re is significant mass
loss from the outskirts of the disc as well. The outflow becesteady roughly after
~ 50 Myr.

e The rotation speed of the gas in the wind cone is witlii km s~ . Thus the main
wind cone is slowly rotating which is consistent with obsgiwns.

e The value of disc Eddington parameter required to drive titlaw isT'y = 1.5. This
is smaller then the one found in 1D analytical calculatiomsich can be understood
as the mass and light distribution in the disc is exponetia the wind is rotating
therefore there is an additional centrifugal force whictsagainst gravity. Also the
extent of the wind in this simulation is onl\) kpc, therefore this condition dfy is
for driving outflows upto~ 10 kpc.
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3.1 Introduction

In this chapter, we study the effect of radiation pressurdriving cold and/or warm gas
outflows from disc galaxies with 2D numerical simulationd amplore the structure of these
winds. In the previous chapter, we calculated the termipe¢d of such a flow along the pole
of a disc galaxy, taking into account the gravity of discllatdulge and dark matter halo. We
determined the minimum luminosity to drive a wind, and alsarfd that the terminal speed
is approximately3v. (wherew, is the rotation speed of the disc galaxy), consistent with
observations (Rupke et al., 2005b), and the ansatz usedrbgraal simulations in order
to explain the metal enrichment of the IGM (Oppenheimer & §a006). We investigate
further the spatial structure and off-axis dynamics of aatah driven outflow. Rotation is
an additional aspect of the winds that we address in our sitioal. As the wind material
is lifted from a rotating disc, it likely rotates as seen irsetvations as well (Greve, 2004;
Sofue et al., 1992; Seaquist & Clark, 2001; Westmoquette,e2@09).

Previous simulations of galactic outflows have consideneditiving force of a hot ISM
energized by the effects of SNe (Tomisaka & Bregman, 1998hisw et al., 1994; Mac
Low & Ferrara, 1999; Strickland & Stevens, 2000; Fragilelet2004; Fujita et al., 2004;
Cooper et al., 2008; Fujita et al., 2009). However, the tketdia radiatively driven galactic
outflows is yet to be studied with a simulation. In this chapitee study the dynamics of
an irradiated gas above an axisymmetric disc galaxy by usydgodynamical simulation.
Recently, Hopkins et al. (2012) have explored the relathes of radiation and SNe heating
in driving galactic outflows, and studied the effect of feadbon the star formation history
of the galaxy. Our goal here is different in the sense thataged on the structure and dy-
namics and the rotation of the wind. We begin with a constansdy and surface brightness
disc; afterwords, we implement the radial surface density larightness profile and finally
introduce rotation of the disc, in order to understand tlieceiof each factor in detail sep-
arately. In§3.2, we evaluate the force of radiation and gravity abovepthee of a disc. In
§3.3, we describe the numerical method and simulation seiAgpresent our simulations
and results ir$3.4 and discuss our findings §8.5.

3.2 Gravitational and radiation fields

The main driving force is radiation force and the contairfimige is due to gravity. We take
the system to be composed of three components disc, bulgthartrk matter halo. We
describe the forces due to these three constituents belewak¥ a thin galactic disc and a
spherical bulge. All these forces are given in cylindricabinates 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 ¢ plane with surface mass denskyR). As derived
in the Appendix F, the vertical and radial components of giyadue to the disc material at a
point ) above the disc with coordinatég, 0, =), are given by

2GS(R) R’
) — d /d /
Jaises / , / 1 R 2 RE — 2RRcosd T
— R'cos¢’) GE(R') R
A _ dd' dR' (T 3.1
fdzsc,R /,// ¢ R [RQ +22 +R/2 —QRR/COS¢,]3/2 ( )

The azimuthal coordinate @j is taken to be zero, because of axisymmetry. The integration
limit for ¢’ = 0 to 2.

We consider two types of disc in our simulations, one wittfanm surface mass density
and radiusk,, which we call UD, and another with an exponential distridwitof surface
mass density with a scale radiis and we call it ED. The surface mass density of uniform
surface density disc (UD) is,

3 =3, = constant (3.2)
and in the case of a disc with exponentially falling densistrtbution (ED)
> = Yoexp(—R'/R,), R, = scale length (3.3)

In case of UD (equation 3.2), the integration limit would B&,= 0 to R,, while for ED
(equation 3.3), the limits of the integration run fraf = 0 to co. Numerically this means,
we integrate up to a large number, increasing which will n@nge the gravitational field
by any significant amount. We have normalizedYlssin such a way that the total disc mass
remains same for both UD and ED. Therefore,

- Y (Ri\?
Yop=— | = . 34
=2 (R) (3.4)

In Figure 3.1, we plot the contours of gravitational fielcesigth and its direction vectors
due to a UD (left panel), and that for the ED (right panel).etastingly, discs with same
mass but different surface density distributions, proddifferent gravitational fields. For
the UD the gravitational field is non-spherical and it is nrmaxim at the edge of the disc. On
the other hand, the field due to ED is closer to spherical cordigon with the maximum
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Figure 3.1: Magnitude of gravitational force of the (a) uniform disc (W{®) exponential disc (ED) in colours

with direction in arrows. Values are in the units@Eq (= 4.5 x 10~Y) dyne.

being closer to the centre of the disc and falling off outvgard

3.2.2 Bulge and the dark matter halo

We consider a bulge with a spherical mass distribution amgtemt density, with mas¥/,,
and radius,. The radiation force due to the bulge is negligible as it ydsosts the old
stars. The gravitational force of the bulge is given by

_GME i <y
b
fbulge,R = (35)
GILE - otherwise
—G]Vébz , if r < Ty
b
fbulge,z = (36)
— Gz - otherwise

wherer = VR? + 22.

We consider a NFW halo with a scaling with disc mass as giveibyet al. (1998),
where the total halo mass s 20 times the total disc mass. The mass of an NFW halo has
the following functional dependence on

cx
1+ cx

M (1) = 47 pericdor? |In (1 + cx) — (3.7)

wherez = T:’ir ,C = T;— 00 = %m Here p..;; is the critical density of the

universe at present epoch, is scale radius of NFW halo ang;, is the limiting radius of
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virialized halo within which the average density is 209. This mass distribution corre-
sponds to the following potential,

Dxrw = —4mperador? [In (14 1/1) /r (3.8)

The gravitational force due to the dark matter halo is treeegiven by,

f __aq)pr__ RGM(T) )
halo,R — 6R - <R2 + 22>3/2ﬂ
6(I)NFW z GM(T’)
fhalo,z = - Bl = — <R2 T 22>3/2 . (39)

The net gravitational acceleration is therefore given by

Fgrav,R = fdisc,R + fbulge,R + fhalo,R = GEOfg,R(Ru Z) (310)
Fgrav,z = fdisc,z + fbulge,z + fhalo,z = GEOfg,z<R7 Z) .

The gravitational field for both bulge and halo is sphericahature, although, that due to
the bulge maximises at. However, the net gravitational field will depend on the tie&a
strength of the three components. In Figure 3.2 (left panet) plot the contours of total
gravitational field strength due to the bulge, the halo andaThe non-spherical nature of
the gravitational field is evident. A more interesting featappears due to the bulge gravity.
The net gravitational intensity maximizes in a spherica&llisbf radiusr,(= 0.2L,.f, where
L.« 1s the unit of length in our simulation (s€8.3.1). Therefore, there is a possibility of
piling up of outflowing matter at around a height- r, near the axis. In the right panel of
Figure 3.2, we present the contours of net gravitational fikle 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 interaitfsolvarged dust particles that are
assumed to be strongly coupled to gas by Coulomb interactind which drags the gas with
it. The strength of the interaction is parameterized by tin& dpacityx.

Gravitational pull on the field poir® (R, =) due to the disc poinP(R’, ¢, 0) is along the
directioncﬁ (see Appendix F). The difference in computing the radiafiwoe arises due to
the fact that one needs to account for the projection of ttemsity at() (for radiation force
from more complicated disc, see Chattopadhyay (2005))akbsc with surface brightness
I(R), we can find the radiation force by replacia@>(R’) in equation (3.1) byl (R')x/c,
and take into account the projection factgr/R? + 22 + R2 — 2RR’ cos ¢'. Similar to the
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Figure 3.2: Total gravitational force due to contribution from bulga)dand (a) uniform disc (b) exponential
disc in colors with direction shown by arrows. The valuesiarthe same units as in Figure 3.1.

disc gravity, the net radiation forc@md at any point will have the radial componet {; r)
and the axial componenty,, .), which are given by,

d¢'dR'I(R')(R — R'cos¢’) R’
Frad,R(R7 Z) = // R2 + 2’2 R,Q QTR/COSQb/] (311)

/d
= Ofrad R(R 2)
o2 d¢/dR'I(RR'
_ k2 3.12
Frad,z(Rv 2) // [R2 + 22+ R? — 2RR1005¢/]2 ( )
li[
= Ofrad Z(R 2)

Since we have two models for disc gravity, we also considerfomns of disc surface bright-
ness.

I = I = constant, for UD (3.13)
and
I = Iyexp(—R'/R,), for ED (3.14)

If the two disc types are to be compared for identical lumitypthen one finds

- I (R’
Ip=—|—= . A
=2 () (315)

The disc Eddington factor is defined as the ratio of the ramhgbrce and the gravitational
force. In spherical geometry this factor is generally cansiat each point because both
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gravity and radiation has an inverse square dependencetamde. Although in the case of
a disc, the two forces have different behaviour, we candgiline an Eddington parameter

Fra . . . ..
asI’ = ;=< In this case this parameter depends on the coordidates: of the position

grav

under consideration. The Eddington factor at the centrbeftlisc can be given by,

wl
T, = .
07 2:G%

(3.16)

If 'y = 1, then the radiation and gravity of the disc will cancel eattteoat the centre of the
disc. We will parameterize our results in termdl@f Therefore, the components of the net
external force due to gravity and radiation is given by

RR = _Fgrcw,R + Frad,R = _GEO (fg,R + 2F0frad,R) (317)
RZ = _Fgrav,z + Frad,z = _GEO (fg,z + 2P0f7"ad,z)

In Figure 3.3, we plot the contours of radiative acceleratiom UD, and the same from
an ED. There is a significant difference between the radidiedd above ED and that above
the UD. While the radiation field from UD is largely verticarfsmall radii, but starts to
diverge at the disc edge, & = R;. One can therefore expect that for high enough surface
brightness ), the wind trajectory will diverge. In case of ED, the radatfield above the
inner portion of the disc is strong and decreases rapidhatds/ithe outer disc.

3.3 Numerical method

The hydrodynamic equations have been solved in this papesing the TVD (i.e. Total
Variation Diminishing) code, which has been quite exhaesfi used in cosmological and
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accretion disc simulations (Ryu et al., 1993; Kang et aB4t Ryu et al., 1995; Molteni et al.,
1996) and is based on a scheme originally developed by Hér888). We have solved the
equations in cylindrical geometry in view of the axial syntrgeof the problem. This code
is based on an explicit, second order accurate scheme, aifdamed by first modifying
the flux function and then applying a non-oscillatory firsderaccurate scheme to obtain a
resulting second order accuracy (see Harten (1983) and R3lu @993) for details). The
equations of motion which are being solved numerically i@ tton-dimensional form are
given by,

— 4+ = — =S 3.18
ot 'R oR R @ s (3.18)
where, the state vector is,
p
P UR
a=|pv |, (3.19)
p Uz
E
and the fluxes are,
P VR 0 PUz
pv% P PURV
F, = PURV , Fo=101], G= PUGV (3.20)
PULUR 0 pv:+p
(E'+p)or 0 (E+p)o.
and the source function is given by,
_ 0 -
v2
IR,
S = — 8% (3.21)
—pR.
| —p[vrRRRr + v.R.) ]

3.3.1 Initial and boundary conditions

We do not include the disc in our simulations and only consikde effect of disc radiation
and total gravity on the gas being injected from the disc. Weose the disc mass to be
My = 101 M and assume it to be the unit of magd4.(;). We takeR,; = 10 kpc as the unit
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of length (L.), andv. = 200 km s™! as the unit of velocity..¢). Therefore, the unit of
time ist,.; = 48.8 Myr. We introduce a normalization paramegesuch thatG M, /v? = £ry,
which turns out to b& ~ 1.08. Hence the unit of density ig,.; = 6.77x10724g cnm3
(~ 4m, cm~?). All the flow variables have been made non-dimensional byctivice of unit
system mentioned above.

It is important to choose an appropriate initial conditionstudy the relevant physical
phenomenon. We note that previous simulations of galactittosvs have considered a va-
riety of gravitational potential and initial ISM configurams. For example, Cooper et al.
(2008) considered the potential of a spherical stellardalgd a flat disc potential, but no
dark matter halo, and the initial gas distribution stratifia z-direction with an effective
sound speed that is 5 times the normal gas sound speed. Suchkov et al. (1994 )d=esl
the potential of a spherical bulge and a dark matter halo andi@al gas configuration that
is spherically stratified. Fragile et al. (2004) consideaespherical halo and astratified
gas distribution. In a recent simulation of outflows drivgr8Ne from disc galaxies, Dubois
& Teyssier (2008) found that the outflowing gas has to conteitidl infalling material from
halo, which inhibits the outflow for a few Gyr. Fuijita et alO4) also studied outflows from
pre-formed disc galaxies in the presence of a cosmologi&all of matter.

We choose a-stratified gas to fill the simulation box, with a scale height00 pc. For
the M, and M; case (of exponential disc), we also assume a radial profildhéoinitial gas,
with a scale length of kpc. For the M case, we further assume this gas to rotate wjth
decreasing with a scale height ®kpc. These values are consistent with the observations
of the warm neutral gasi( ~ 10* K) in Milky Way (Dickey & Lockman, 1990; Savage
et al., 1997). We note that although the scale height for #wenaneutral gas in our Galaxy
is ~ 400 pc at the solar vicinity, this is expected to be smaller indbetral region because
of strong gravity due to bulge. The density of the gas juswvalibe disc is assumed to be
0.1 particles /cc (.025 in simulation units). Furthermore, the adiabatic indexha gas is
5/3 and the gas is assumed initially to be at the same tempeaitnesponding to an initial
sound speed, ;,; = 0.1v,¢f, & value which is consistent with the values in our Galaxytfier
warm ionized gas with sound speedi8 km s™*.

Our computation domain iB; x Ry inthe R — z plane, with a resolutiof12 x 512
cells. The size of individual computational cell4s 20 pc. We have imposed reflective
boundary condition around the axis and zero rotationaloigiamn the axis. Continuous
boundary conditions are imposedat= R, andz = R,;. The lower boundary is slightly
above the galactic disc with an offsef = 0.01. We impose fixed boundary condition at
lower z boundary. The velocity of the injected mattewig§ R, zy) = vo = 10~ %v,¢, and its
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Figure 3.4: Rotation curves corresponding to the gravitational fiefdmoexponential disc, bulge and halo are
shown here in the units of..;[= 200 km s~1], along with the total rotation curve. The approximationdise
our simulation is shown by thick red line.

density is given by,
p(R, ZO) = Pz for UD (322)

R
= P, —— for ED.

S

The density of the injected matter at the bage= 0.025 in simulation units (corresponds
t0 0.1 m,/cc).

For the case of exponential disc with rotations)Mwe assume for the injected matter
to have an angular momentum corresponding to an equilibratation profile. We show in
Figure 3.4 the rotation curves at= 0 for all components (disc, bulge and halo) separately
and the total rotation curve. We use the following approxiora(shown by thick red line in
Figure 3.4) which matches the total rotation curve,

vo(R, 20) = 1.6 0, [1 — exp(—R/0.15R,)] . (3.23)

We assume a bulge of masd$, = 0.1M,s and radius, = 0.2L.. The scale radius
for NFW halo (,) is determined for a halo masd, = 20M,, as prescribed by Mo et al.
(1998). The corresponding disc scale radius is found t&be- 5.8 kpc, again using Mo
et al. (1998) prescriptions. Therefore, we set the discesleaigth for the ED case to be
Ry ~ 0.58 L.

The above initial conditions have been chosen to satisfyfdbe@wing requirements in
order to sustain a radiatively driven wind as simulated here
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Table 3.1: Models.

Model name| Ty | v, | Disc type|
M, 2.010.0 ub
M, 20]00| ED
M, 20| 10| ED

1. The strong coupling between dust grains and gas partietpsre that there are of
order~ m4/m, number of collisions between protons and dust grains of mass
10~ g, for sizea ~ 0.1 um with density~ 3g cnm3. To ensure sufficient number of
collisions, the number density of gas particles should b_ei—;ﬂ—éﬁ ~ 1073 cm3,
for L., = 10 kpc.

2. The time scale for radiative cooling of the gas, assuméa @t ~ 10* K, is t,,0 ~
Lo “whereA ~ 1072 erg cn¥ s~! (Sutherland & Dopita 1993; Table 6) for solar
metallicity. The typical density filling up the wind cone inet realistic case (}) is
~ 1073-10~* cm~3, which givest ., ~ 8-80 Myr and the dynamical time scale of
the wind ist,. ~ 50 Myr. Hence, radiative cooling seems marginally importard a
will be addressed in future. In this regard, we also notettiagrowth rate of thermal
instability is likely suppressed for diverging galactiongi(Ferrara & Einaudi, 1992).

3. Radiative transfer effects are negligible since thd tggacity along a vertical column
of length L, is k(nm,,) Lyes ~ 0.003, for n ~ 1073 cm~2 andx ~ 100 cn? g~ .

4. The mediation of the radiation force by dust grains alspli@s that the gas cannot be
too hot for the dust grains to be sputtered. The sputteridmiseof grains embedded
in even in a hot gas of temperature-T0° K is ~ 0.05(n/0.1 /cc) um in a time scale
of 100 Myr (Tielens et al., 1994), and this effect is not importamt the temperature
and density considered here.

3.3.2 Simulation set up

We present three models with parameters listed in the TableT8e initial condition for all

the models are described §8.3.1. The boundary condition is essentially the same,Exce
that the mass flux into the computational domain from the towlgoundary depends on the
type of disc. As has been mentioneg® 3.1, we keep the velocity of injected matter very
low, v, (7, 29) = v..ni = 10 %0, SO that it does not affect the dynamics. The three models
have been constructed by a combination of different valdi¢sree parameterk,, v, and
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Figure 3.5: M; : Logarithmic density contours for radiation driven windrrdJD for four snapshots running
up tot = 98 Myr, with velocity vectors shown with arrows. Densities a@our-coded according to the
computational unit of densit$.7 x 1072* g cm™2 ~ 4m,, cm~3.

the distribution of the density in the disc. ModekMas been run for different values 6§,
to ascertain the effect of radiation.

3.4 Results

In Figure 3.5, we present the mode| Kbr a constant surface density disc (UD). The density
contour and the velocity vectors for the wind are shown in Bnapshots in Figure (3.5) upto
a timet = 98 Myr (corresponding t@ = 2 in computational time units). There are a few
aspects of the gaseous flow that we should note here. Fitstlgisc and the outflowing gas
in this case has no rotationg = 0). In the absence of the centrifugal force due to rotation
which might have reduced the radial gravitational forcere¢his a net radial force driving
the gas inward. At the same time, the radiation force, heaeadterised by, = 2, propels
the gas upward (the radial component of radiation being yve@ke net result after a few
Myr is that the gas in the region near the pole moves in thetigesi direction, and there
is a density enhancement inside a cone around the pole, awmaywhich the density and
velocities decrease.

Also, because of the strong gravity of the bulge, the gasstémdet trapped inside the
bulge region, and even the gas at largéends to get dragged towards the axis. This region
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Figure 3.6: M, : Logarithmic density contours for radiation driven windrrdeD for four snapshots running
up tot = 98 Myr, with velocity vectors shown with arrows.

puffs due to accumulation of matter. Ultimately the radiafiorce drives matter outwards in
the form of a plume.

Next, we change the disc mass distribution and simulategbe of wind driven out of an
exponential disc (ED). We show the results in Figure 3.6 c&iooth gravity and radiation
forces in this case of exponential disc are quasi-spheinicahture, therefore in the final
snapshot the flow appears to follow almost radial streamslidéthough in the vicinity of the
disc, the injected matter still falls towards the axis, g is not seen at large height as was
seen in the previous case of MI'his makes the wind cone of rising gas more diverging than
in the case of UD (M).

3.4.1 Rotating wind from exponential disc

The direction of the fluid flow in M and M, is by and large towards the axis at low height,
and this flow is mitigated in the presence of rotation in th&cdind injected gas. In the
next model M, we consider rotating matter being injected into the cormapomal domain
and which follows av, distribution given by equation (3.23). This is reasonablagsume
since the disc from which the wind is supposed to blow, idfite¢gating. In M, we simulate
rotating gas being injected above a ED and being driven bgiatran force ofl’y = 2. We
present nine snapshots of the Bhase in Figure 3.7.
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Figure 3.7: M3: Contours oflog,,(p) andv-field of radiation driven wind witH'y = 2.0 from an ED.t = 2
corresponds to 98 Myr.

The first six snapshots of Figure 3.7 show the essential dysamh the outflowing gas.
The fast rotating matter from the outer disc is driven outiMaecause the radial gravity
component is overcome by rotation. Near the central regmmation is small and also the
radial force components are small. Therefore the gas islyarsten vertically. The injected
gas reaches a vertical heightof5 kpc in a time scale of 37 Myr (¢t = 0.75). The flow
reaches a steady state aftel60 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 oolr the fully developed
wind (last snapshot in i), and superpose on it the contour linesoflThe density contours
clearly show a conical structure for outflowing gas. Thetiotespeed of the gas peaks at the
periphery of the cone, and is roughly withif0 km s—. Compared to the disc rotation speed,
the rotation speed of the wind region is somewhat smallesther words, we find the wind
mostly consisting of low-angular momentum gas lifted frdm disc. We plot the velocity
of gas close to the axis in Figure 3.9 for different times iis ttnodel (M), considering
v(0, z) ~v,(0%, 2). The velocity profile in the snapshots at earlier time flustaat different
height, but becomes steady after> 1.5, as does the density profile. We have run this
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Figure 3.8: The rotation velocity,, for the case M at a time of 98 Myr is shown in colours. Contour lines of
logio(p) are plotted over it.
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timet ~ 10 Myr.
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particular case of ED with rotation (modek)for different values of’y. In order to illustrate
the results of these runs, we plot theomponent of velocity(, (0", 10 kpc)) at 10 kpc and
at simulation time¢ = 2 as a function ofl’y in Figure 3.10. We find that significant wind
velocities are obtained fdr, = 1.5 and wind velocities appear to rise linearly with after
this critical value is achieved. In the previous chaptem@gd4D analytical calculation, we
found this critical value to bE, ~ 3 for a constant density disc and wind launched above the
bulge. For the realistic case of an exponential disc in tleegmt simulation, we note that the
critical I'y is smaller, which is likely because of the fact that scaléhefwinds is limited by
box size and also there is an additional centrifugal foreetduotation. The important point
is that the criticall'y is not unity. This is because the paramdiglis not a true Eddington
parameter since it is defined in terms of disc gravity andataah, whereas halo and bulge
also contribute to gravity.

3.5 Discussions

Our simulation differs from earlier works (e.g. Suchkov &t 4994) mainly in that we
specifically target warm outflows and the driving force isiatidn pressure. Most of the
previous simulations of galactic wind have used energyctepg: from supernovae blasts as
a driving force. However, with the ideas presented in Muegagl. (2005), which worked
out the case of radiation pressure in a spherical symmedtiags, it becomes important to
study the physics of this model in an axisymmetric set upaasiieen done analytically by
Sharma et al. (2011). Also we have tried to capture all festof a typical disc galaxy like
a bulge and a dark matter halo, and a rotating disc. Recefytimahworks (Sharma et al.,
2011) and simulations (Hopkins et al., 2012) have shownathéifows from massive galaxies
(M, > 10'2 M) have different characteristics than those from low masxgss. Outflows
from massive galaxies are mostly driven by radiation pnesand the fraction of cold gas
in the halos of massive galaxies is large (van de Voort & Seha®12). Our simulations
presented here addresses these outflows in particular.

We have parameterized our simulation runs with the disc rigtdn factorl’y, and it
is important to know the corresponding luminosity for a tglidisc galaxy, or the equiv-
alent star formation rate. For a typical opacity of a dust gad mixture § ~ 200 cn?
g!) (Draine, 2011), the corresponding mass-to-light ratgquieement fol', > 1.5 is that
M/L < 0.03. In the previous chapter we have shown that for the case tdriteneous
star formation, large value dfy, is possible for a period of 10 Myr after the starburst.
However for a continuous star formation, which is more sgalifor disc galaxies, Sharma
& Nath (2012) found that only massive ultra luminous infchgalaxies (ULIRGS), with star
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formation rate larger than 100 M, yr—!, are suitable candidates for such large values of
'y, and for radiatively driven winds.

The results presented in the previous sections show thaiutilewing gas within the
central region of a few kpc tends to stay close to the pole dma$ not move outwards be-
cause of its low angular momentum. This makes the outflow sdraecollimated. Although
outflows driven by SN heated hot wind also produce a conicatsire (e.g. Fragile et al.,
2004) emanating from a breakout point of the SN remnantse tisea qualitative difference
between this case and that of radiatively driven winds asgored in our simulations. While
it is the pressure of the hot gas that expands gradually asries out of a stratified atmo-
sphere, in the case of a radiation driven wind, it is the coration of mostly the lack of
rotation and almost vertical radiation force in the centegiion that produce the collimation
effect. We also note that the conical structure of rotatiomhie outflowing gas is similar
to the case of outflow in M82 (Greve, 2004), where one obseawdigserging and rotating
periphery of conical outflow.

From our results of the exponential and rotating disc madeffind the wind comprising
of low-angular momentum gas lifted from the disc. It is ilt&ing to note that recent simula-
tions of supernovae driven winds have also claimed a simekult (Governato et al., 2010).
Such loss of low angular momentum gas from the disc may haperitant implication for
the formation and evolution of the bulge, since the bulgeuteton is deficient in stars with
low specific angular momentum. Binney et al. (2001) have wased that outflows from
disc that preferentially removes low angular momentum naltmay resolve some discrep-
ancies between observed properties of disc and resultsémcal simulations.

As a caveat, we should finally note that the scope and prede®f our simulation is
limited by the simple model of disc radiation adopted henaehlity, radiation from discs is
likely to be confined in the vicinity of star clusters, and sptead throughout the disc as we
have assumed here. This is likely to increase the efficacgdétion pressure, but which is
not possible within the scope of an axisymmetric simulation

In summary, we have presented the results of hydrodynarftcédrian) simulations of
radiation driven winds from disc galaxies. After studyihg tases of winds from a constant
surface density disc and exponential disc without rotatimmnhave studied a rotating outflow
originating from an exponential disc with rotation. We fifiét the outflow speed increases
rapidly with the disc Eddington parametés = xI/(2¢GX). The density structure of the
outflow has a conical appearance, and most of the outflowisggasists of low angular
momentum gas.
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We found in the previous chapters that the dynamics of treepimhse is better explained by
radiation driving if the luminosity is sufficient. Whethediac with continuous star formation
is able to generate large enough luminosity to drive the owtis a question worth exploring.
The cold phase of the outflows is clumpy in nature. Cold clauedgenerally embedded in
a hot phase of the outflow which is believed to be moving wgh helocities > 500 km/s)
as inferred from X-ray temperatures. The hot phase can eaeripressure force on the cold
clouds and may thus act as an important driving agent. Oneilshiake into account the
ram pressure force as well in modelling the dynamics of cblalse. in this chapter, we solve
for the ballistic motion of a cold clump along the pole of dggdaxy, driven by a combined
action of ram pressure and radiation pressure.

Main Results

¢ We find that initially the radiation pushes the cloud to a f@ae Wwhere the surrounding
hot wind coming from below is dilute enough due to geomelribzergence so that
the cloud crushing time is increased. Therefore the coldddaan easily survive.

e We find that the driving force due to ram pressure is a funai@FR and the radiation
force is a function of both the circular speed)(and the SFR. The containing force
of gravity is a function of galactic circular speed. Therefo, and SFR are the two
free parameters of this problem. Hence we solve for cloucdyos in the parameter
space of. and SFR.

e We find that the criteria for galaxies to harbour outflows &t $hales of- 20 kpc is
given by,

3/4 _
SFRY, Mg /yr Uc,1240 km/s 1 (4.1)

e When the above criteria is satisfied, the wind spegd (n units of galaxy circular
speed {.) obeys the following scaling,

o 0.4 ~1.25
Vo qgor | SER v | 4.2)
Ve 50 Mg /yr 120 km/s

e We have shown that the ram and radiation pressure driverowsttht the scales of
~ 20 kpc should occur only for galaxies which have star formagarface density,
Ysrr = 1071 Mg yr—! kpc2.

e We find that there may be outflows even in galaxies Withg < 107! My yr!
kpc2, however, a different mechanism may be at work in such sitnat One such
mechanism is the cosmic ray streaming which can cause osti#een in the faint
dwarfs. We refer the reader to Appendix G of this thesis wihnerexplore cosmic ray
driven winds.
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4.1 Introduction

In the previous chapters we explored the outflows driven Biaten pressure on dust grains.
We derived that a large value-(10?) of luminosity-to-mass ratio is required in order to have
escaping outflows. Such a large value may be possible in sases@s we discussed in
chapter 1. For normal galaxies undergoing star formatiocominuous manner, the SFR
required to generate high luminositiesis100 M, yr—!. Another aspect is the clumpiness
of the cold phase of the outflow under discussion here. Owarthe clumpy nature of the
gas one may use ballistic type calculation to study the dycswf gas (e.g. Murray et al.,
2011).

In the standard SNe/starburst driven wind scenario, thet doluds are thought to be en-
trained in the hot phase of flow via ram pressure (e.g. Heckehah, 2000). However, the
recent calculations based on radiation pressure ignomathgressure as a driving mecha-
nism. If one carefully compares the ram pressure drivingthedadiation pressure driving,
both mechanisms have limitations. In the case of ram presalihough the hot gas provides
the momentum to cold clouds but, it can also disrupt the dodad shocks and instabilities
and, as a result, the cloud may not survive long enough (eagcdlini et al., 2005), which
iS quite contrary to observations in which the cold clumpes sgen upto heights ef 10
kpc. On the other hand, in case of radiation driving, as wetimeed above, the luminosi-
ties required are quite large, which may be available onlysfmrt periods{ 10 Myr). In
the face of the two processes (ram pressure and radiatisayye) leading to outflows, one
wonders if both processes contribute equally, or if theeeragimes in which one of these
two processes dominate over the other.

In this chapter we address these questions and study thendysaf the wind as a result
of an interplay between the ram pressure due to hot wind amdaitiiation force due to a
star-forming disc, whose photon output is inferred usimg&URsT99 following the con-
tinuous star formation model. Kk#.2 we discuss the role of radiation pressure in prolonging
the lifetime of clouds and set up the equations for the dynarf the cold gas. 1§4.3 we
solve for the velocity of clouds as a function of height,We find the terminal speed for a
range in SFR and galaxy circular speegd @nd compare our results with observations. We
discuss our findings if4.4.

4.2 Gaseous outflows with ram and radiation pressure

We consider the dynamics of cold clouds € 10* K) embedded in hot gas, in which the hot
gas component exerts a drag force due to ram pressure. Wasasme that dust grains in
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the cold clouds are strongly coupled to the gas, and therefe dynamics of these clouds
is also influenced by radiation pressure.

To start with, we discuss the issue of the survival of clou@dservations show that
clouds can be present upto vertical distances of severdtéprcthe galaxy centre. However,
if they are acted upon by the ram pressure of the hot wind frgit the beginning where
the clouds start their journey, then they can get disruptedhe shocks and effects of the
hot wind. The shock disruption time scale is givenhy = f—h\/zih where R, is the
cloud radiusyp, is its density. Alsop, andwv, are the density and velocity of the hot wind
respectively. If we consider a density contrast of almodtywat the base of the wind, then
the cloud crushing time scale is of the order of shock passagescale {z./v;,), which is
roughly a Myr and hence small. Therefore, the cloud shoutdsoovive long enough if it
is acted upon by the ram pressure right from the base. Sioogabf clumps embedded in
hot dense flow also show that the survival of the clumps is dé#ficult (Marcolini et al.,
2005) due to a combination of disruption mechanisms sucimpadt shocks and Kelvin-
Helmholtz instability. However, observations show tha ttold clumps are present upto
large distances.

Radiation pressure driving in the initial stages of cloudtioo can provide a solution
to this mystery (e.g. Murray et al., 2011). Let us think of arsrio 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 geometdiwargence. Therefore, when
the hot wind impacts the cloud the density contrast betwkertloud and surrounding can
be as large a$0?, and hence the crushing time scale is also very largeq Myr) and the
cloud can survive easily. To elaborate on this, let us do a&bkenexperiment’. As soon as
some region in galaxy undergoes a strong burst of star foaom#te radiation is emitted first,
which drives a surrounding shell of gas. This shell whilepging out of disc will fragment
to form the clumps. In case of radiation driving mediated bgtdyrains these clumps easily
would have travelled to the distance of roughly a kp&+4 Myr. This is typically the time
when the first SNe would blast, which will launch the hot flowrfr below. Thus when the
ram pressure of the hot wind will finally come into pictureg ttold cloud would already be
situated at a distance efkpc. At this moment the problem becomes well defined. Thectlou
survival is no more a problem and also the clouds are highginso that their dynamics
is influenced by radiation from entire disc, the global gt@vonal force of galaxy and the
ram pressure from a hot superwind present at kpc scales. iVhern write the following
equation for the dynamics of the cold cloul. = M. .v), see Figure 4.1,

dP. . dv
dt — dt

= Fram + Frad - Fgrav (43)
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Figure 4.1: A schematic diagram for the motion of a cold cloud embeddea @one of hot flow and acted
upon by forces of radiation and gravity from the parent gal&oud is at a height z. The total mass loss in
hot flow, M},.; = 2 prvp, A, whereA is the area at the top of conical patch, and a fact@ fof two-sided mass

loss. For a half-cone angle 6fthe aread = 22 fOQ’T foesin(e’)de’dqs.

where M. is the mass of the cloud andis its velocity inz direction. F,.,,, represents the
force exerted by the hot wind via ram pressure in g ch .., is the force due to radiation
on dust grains and,, is the gravitational force.

We first discuss the role of ram pressure on the motion of ctdtdsbof gas dragged
in it, following the model of Strel'Nitskii & Sunyaev (1973)Iin this scenario, the hot gas
observed in X-rays and which is thought to provide the ranssuee, has temperatures in
the ranged.5—1 keV (Heckman, 2002; Martin, 2005), which correspond to swhiermal
sound speed, ~ 300400 km/s. Current X-ray instruments can not detect the speei®f t
hot and tenuous material and hence the kinemetics of thiplnde is poorly constrained.
If we assume it as an adiabatic wind passing through a somit,gbenv? ~ ac?, where
a = 2.5-5 (Efstathiou, 2000), which gives, ~ 1.2-2.2 ¢,. In this chapter, we take, ~ 800
km s!, which corresponds to, ~ 2¢, andTx ~ 1 keV.

Consider then the hot gas flow (with densjty and velocityv;,), emerging through a
cone. Mass loss in a hot wind is given by the following expi@sésee figure 4.1),

27 0
Mot = 2pp03,2> / / sin(60")d6'd¢ (4.4)
0 0

Observations indicate conical angles for hot wind in thge2d ~ 10°-100° (Veilleux et al.,
2005; Lehnert & Heckman, 1996). We consider a mass loss fatd, g ~ (7/2)22 pron,
which roughly corresponds to half-cone angle- 30°. The momentum injection rate is
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P = Myorvn, SO WE can write
2

Py, = (4.5)

Ph
m2%/2
The force exerted by the ram pressure on a cold cloud of mAssnd cross-sectioA.. is
given by

1
Eowmn = §CDAcph(vh — ) H(vp, — )
CpA. 2
= DQ phvz (1 — 1) H(vy, — ) (4.6)
Up,

Here# (v, — v) is the step function whose value is 1 fer< v, and O otherwiseCp ~

0.5 is the drag coefficient. For the cloud, one can w%e = um, Ny where Ny is the
column density and: is the mean molecular weight. Also the momentum injectide ra
P A [5 x 10% ( SER )} dyne in a starburst (Leitherer et al., 1999). Using these and

1 Mg /yr
substituting egn.(4.5) in eqn.(4.6) we get,

F 5 x 103 SLRr dyne 2
ram _ | (5o ~ =) Ao —v) (4.7)
M. 4 Ny pm,, (122/2)

Up,

4.2.1 Disc, bulge and halo

Next we consider the forces due to a thin galactic disc. Weus# f for force per unit mass
(f = ]Vijc). In cylindrical geometry, the force of gravitatigf 4(z), and that due to radiation
fra(2), 4a|ong the pole of a disc of radiu3,;, with constant surface mass densig) @nd
surface brightnesd| are given by,

2RdR okl /Rd ( 22RdR 4.8)

Ry
=263 [ b= T [

wherek is the average opacity of a dust and gas mixture. The ratibest forces, the disc
Eddington ratio, increases with the heighbeginning with a value dfy, = 26’252 at the disc
centre at = 0. Sinceé o Mid where M, is the disc mass, we can exprégsan terms of the
SFR by calculating the luminositl of a galaxy in any desired band for a certain SFR using
the code STARBURST99. The luminosity in this case is prapodl to SFR, therefore if;

is the luminosity att Gyr for an SFR ofl M, yr~! then we can writd', as,

o Ll SFR
Ty = Ho/yt 4.9
0 2cGG Md ( )

The opacity £) depends on the situation whether the clouds are optidaltk or thin to the
UV radiation. Mean opacity for gas mixed with dust corregfiog to a colour temperature
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~ 9000 K is k ~ 200 cm? g~! in the U band (Figure 1b, Draine (2011)). This opacity can
be used if the clouds are optically thin. For large cloudhwize,/. ~ 1 kpc and with
density,p. ~ 1 m, cc™!, the optical depth would be ~ 1, which means the cloud can
be marginally optically thick. In this case, the opacity Wbbe given byx — A./M, ~
(pel)~t, which comes out to be approximateyo for the cloud size and density mentioned
above. Therefore, we work with =~ 200 in this chapter.

To determine the gravitational force, we assume a sphenaas distribution in the bulge
and halo. For the bulge, we assume a total masgof- 0.1M, inside a radiug;, ~ 0.1ry4
for simplicity. For the distribution of dark matter, we onagain consider a NFW profile,
with total massV/;, (Navarro et al., 1996). We fix Mfor a given disc mass\{;), by the ratio
My, /M, ~ 20, as determined by Mo et al. (1998) and we use their presonipt evaluate
the disc exponential scale-length). we use this scale-length as the size of galactic disc to
compute the disc forces. Gravitational potential of NF\Wbhig)

- GM, |:1n(1‘|“r%)}
In(l1+¢)—c/(1+c¢)

(4.10)

Onpw =
.

wherer, is the NFW scale length and;, is the radius within which the mean overdensity
is 200.c = “+ is the halo concentration parameter. We use the valueasfobtained from
the M), —c relation given by Maccio et al. (2007). The NFW potentiapiras a gravitational
force along z which is given by,

(4.11)

OPnrw
fhalo,z -

0z |p_o
_GM, {ln(l—i—i) —z/(z+7r)
B In(1+¢) —c/(1+c)

22

4.2.2 Equation of motion for clouds

Using the expressions for various forces as given abovecaménally rewrite eqn(4.3) for
evaluating the velocity of clouds as a function of z,

g 5 B )
dv pp(1—v/vn)? H(v U)+27TGZFQ< R; )

Vi ANy pm, (122/2) 22+ R?
M, M, (In(1+ =) — =
— G (1 - —— Gy G UrE) 750 gz
/22+R3 z z ln(1+c)—1—+c

wherel, is given by equation (4.9). We uge= 1.4 and Ny ~ 10! cm~2 (e.g. Martin,
2005; Heckman et al., 2000). Here the first term on RHS deramtepressure, second the
radiation pressure and the last three terms represent dévéygof the disc, bulge & NFW
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halo respectively. This equation is non-linear due to tles@nce ob) in ram pressure term
and should be solved numerically, although previous asthave approximated it assuming
v < vp,. The form of the ram pressure term suggests that ram pressutd not be effective
once the velocity becomes greater than velocity of hot corapb Hence the ram pressure
is likely to be effective for low-mass galaxies.

1800 prrrrerTT U e V_=100,SFR=10 ||
................ - = = V_=100,SFR=100]}
16001 R v_ = 100, SFR=500
__v_=200,SFR=10 ||
1400p _ _ _v_=200,SFR=100|
. _.v._=200, SFR=500||
—~ 1200F S _H
= L T==
Q3 O
£ 1000} -7 .
é 3: - .
~ 800f e JUPEEEE =
= 600F i/ . -
a00- ¥ -
. |
200 K |
Ot....=— [ T T 1
0 5 10 15 20

Figure 4.2: Variation of wind speed with vertical distance or galaxies of different circular speeds. The thick
solid, dashed and dotted lines refento= 100 km s™!, and for SFR ofi0, 100, 500 M, yr—!, respectively.
The thin solid, dashed and dot-dashed lines refer te 200 km s~1, for the same values of SFR, respectively.

4.3 Results

We solve the wind equation (equation 4.12) numerically.uFegt.2 shows the wind speed
as a function of: for different values of SFR for two galaxies, with = 100 km s™! and
v, = 200 km s~!. Instead of rising continuously, the wind speed saturdtes tavelling a
distance of> 10 kpc, with a terminal speed that is lower for higher mass gataxThe thick
solid line roughly corresponds to M82, and the wind speeth0 km st is consistent with
the observations (Heckman et al., 2000; Schwartz & Mar943.

4.3.1 Outflow velocity as a function ofv. and SFR

Next we solve the wind equation for a grid of values of SFR aald)g circular speedy),
for the cases of ram pressure and radiation pressure alodehan for the combination of
the two.
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Figure 4.3: Ratio of wind speed,) and the galaxy circular speed.] is shown using the colour coding.

We have also plotted the contour levels whegg/v. = 3, for three cases as follows : thick solid line for
combined ram and radiation pressure driving; dashed linerfty ram pressure driving and the dotted line for
only radiation pressure driving.
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Figure 4.4: Ratio of wind velocity at 20 kiloparsec and the galactic tiota speed plotted with. for three
different SFR in the left panel and with SFR for three diffare. in the right panel. Three representative cases
are shown with solid circle (dwarf starbursts), solid tgen(LIRGs) and solid square (ULIRGs). The thin
horizontal line corresponds tQ, = 3v,.
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In Figure 4.3 we plot the logarithm of wind velocity,() at 20 kpc, in units ob,, as a
function ofv. and SFR using colour code. The white part of the plot towagddb left corner
represents the cases when there are ‘no winds’. The colmaredf the plot is where we
find non-zero wind speeds. The interface between the ‘no’vaind ‘wind region’ roughly
follows the scaling). « SFR*®. Using the scaling of this interface, we can write following
criteria for outflows,

SFR¥* 72 > 1 (4.13)

10 Mg /yr “¢,140 km/s

In Figure 4.3, the wind velocity increases as one moves diafyotowards the bottom right
corner in the coloured region of the plot. The escape velanita NFW halo is roughly
~ 3v.. Therefore, we plot the contour fer, = 3v. using a solid line to find out which of
the winds are going to escape. The escaping winds are thevtneslie on the right side of
the thick solid line. We note that this contour is due to a coration of ram and radiation
pressure driving. We wish to explore which of these processeffective at a particular
point in this plot. Therefore, we plot two more contours, aseg a dashed line to represent
the case of only ram pressure driving and another contongusidotted line to represent
the case of only the radiation pressure driving. In the cdsmnly radiation pressure, the
wind speed is found to be roughly proportional to SFR, whiah be understood from the
fact thatl'y o« SFR. The case for only ram pressure appears to better power tia iwi
low mass galaxies. However, from the dashed contour it &rdleat ram pressure can not
drive the cold clouds out of the galaxies with rotation speed00km s~ , which is due
to the maximum limit on hot wind speed. However for galaxigthw, > 200 kms™ ',
the radiation pressure wins over the ram pressure. Thigptorthe existence of a critical
rotation speed above which the physical mechanism of outfltamges. Therefore outflows
from galaxies withv. < 200 km/s and SFRS 100 M /yr are dominated by ram pressure
and those from the more massive galaxies with larger SFRn#wenced more by radiation
pressure.

We further elaborate on the winds from galaxies with thrggasentative values af.
and SFR. We show the variation of /v. with circular speed(.) and SFR for three repre-
sentative galaxies in the left and right panels of Figure Wd find that, for a constant SFR,
vy /v decreases with,, as the gravitational force increases with The three representative
cases in this plot are as follows : dwarf starbursts (solid&i v. ~ 60 km s!, SFR~ 5
Mo yr—1), LIRGs (solid triangle:v, ~ 120 km s7t, SFR~ 50 M, yr1), ULIRGs (solid
squarew, ~ 220 km s, SFR~ 500 M, yr—1!). The values of,, /v. for three representative
galaxies are greater th&nwhich can be taken as a criteria for escape and shown byithe th
horizontal line. Interestingly the near constancygfv. for the three representative points
recovers the observed scaling«Qf with v.. 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 dfspr from our solutions. The data for three values
of circular speed). are shown; using squares far = 250, triangles forv, = 150 and circles for. = 60
km s~' . The vertical dashed line represents the threshold valbleaf for driving outflows from observations
(Heckman, 2002).

and infer the scaling of,, /v. with v. and SFR. We find that, for the galaxies which satisfy
the criteria in equation (4.13) in our solutions, the wintbegy can be approximated by the

following fit,

0.4 —1.25

Vo qgor |_OFR e (4.14)
Ve 50 Mg /yr 120km/s ' '

Observations show that the winds are generally observeddiaixies with star formation
surface density Yspr = 107! Mg yr~! kpe=2 (Heckman, 2002). If we consider that the
circular speed is roughly proportional to the radial ext&rthe galactic disc, then our theo-
retical criteria in equation (4.4) would imply a similar @ition onXsrg. We have solved the
wind equation (4.12), for every possible combinatiomodnd SFR. According to formalism
of Mo et al. (1998), circular speed of the galaxy is propardibto the scale radiug;) in
disc galaxy . Using this we find the value &f corresponding to a particulay. There-
fore, we now have a solution for wind speed for all combinadiof R; and SFR, where
each combination should represent a galaxy. We thenXing for these galaxies using

the relationXspr = SFR/(27R2) *. We then plot the wind velocity from our calculation,
1

for eachXspr Iin Figure 4.5 for galaxies with circular speeds= 250, 150 and60 km s~
using squares, triangles and circles respectively. Istergly we find non-zero wind speeds
only for galaxies withCspg larger than the threshold valuBgrg ihreshola &~ 1071 Mg yr™!

*An extra 2 is there becaude; is the scale radius of an ‘exponential’ disc in the formalishMo et al.
(1998).
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kpc=2. We note that the threshold value for wind shows a mild ineeesith circular speed
(or equivalently the galactic mass) of the galaxy which idenstandable due to increase in
gravitational pull with mass. In fact the behaviour with mas evident if we go back to
our theoretical criteria in equation (4.13), and usex R,, then we get an interesting trend
which is, Sgpr imreshols ¢ B2 o< M'°. To end this section, we also note that for large
and fixed value oblspr, the wind velocity increases with the circular speed, aatation
reported recently (Martin, 2005; Rupke et al., 2005b).

4.4 Discussions

The most important result of our calculation is that gataotitflows require both ram and
radiation pressure, especially for high mass and high SKHescaOur calculation has a
number of ingredients from stellar physics and disc and patameters, and apart from the
value of the hot wind speed,, there is no free parameter in this calculation. It is thenef
interesting to note that our theoretical results are ctomsisvith most data of outflows when
studied in the parameter spacewfand SFR. It is also interesting that a recent simulation
with ram and radiation pressure driven outflows has condullat these two processes are
important in different mass regimes, although it is not clehere the dividing line between
the two regimes lies (Sharma et al., 2011; Hopkins et al.220{Cold clumpy) outflows
from galaxies on the left of the contours in Figure 4.3 arekethy} to escape into the IGM
and likely get trapped in the circumgalactic region or faltk (Oppenheimer & Davé, 2008).

Next we compare our results with the outflow observationsamrameter space ef. and
SFR. For this purpose we compile a set of outflow data fromtinies in past two decades,
covering a wide range of galaxies from dwarf starbursts pesmassive ULIRGs. In Figure
4.6, we plot the separating boundary between ‘no winds’ avidds’ using a red dashed
curve in the parameter spacew@fand SFR. We have also shown the boundary for criteria
for escaping winds using a thick solid line. We then overpkrious data sets, which we
have compiled, as follows : squares for ULIRGs from Marti(3); Genzel et al. (2001),
triangles for high redshift ULIRGs from Weiner et al. (2008%terisks for dwarf starbursts
from Schwartz & Martin (2004), big blue cross for ULIRGs frdRupke et al. (2005b),
filled circles for faint dwarfs from Martin (1998). Apart fnothese we have also shown two
representative galaxies from a recent SPH simulation irckvtiie cosmic rays power the
galactic winds (Uhlig et al., 2012).

We find that our theoretical results explain the observatidghe regiorw, > 100 km s~
, SFRZ 1 M /yr. Recent observations of ULIRG winds (Martin, 2005; Rejgk al., 2005b;
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Figure 4.6: Contours of wind velocity,, at 20 kpc, in units of. for combined ram and radiation pressure
driving. Thick black contour is for,, /v. = 3 and the thin red contour separates no wind region on the teft f
the wind region on the right. The wind velocity increases ias moves from top left corner to bottom right
corner. Also plotted are the data points with different spiab squares (Martin, 2005; Genzel et al., 2001),
triangles (Weiner et al., 2009), filled circles (Martin, B)Qasterisks (Schwartz & Martin, 2004), big blue cross
represents the range of data in Rupke et al. (2005b). We lswstaown the galaxies from simulation of Uhlig
et al. (2012), using two red bars, which represent the casesmhic ray driving.

Weiner et al., 2009) fall within our theoretical predictiand also follow the trend of constant
vw/ve. This implies that cold outflows from these galaxies may @wbe driven by the
combined action of ram and radiation pressure. We note k®afdint dwarf galaxies in
which Martin (1998) and Schwartz & Martin (2004) have repdroutflows (circles and
astrisks), lie on the left of the red curve, which is the regihere our theoretical model
predict no outflows. Also if we calculate the star formatianface density for these galaxies
we find that only a few of them satisiyspr > 0.1 M, yr—! kpc=2, which is the criteria for
winds. This points to some other process, responsible feepag winds in these galaxies.
One such process may be the cosmic ray streaming and rgsalitflows (e.g. Ipavich,
1975; Samui et al., 2008; Uhlig et al., 2012). Recently, gSPH simulations of cosmic ray
streaming, Uhlig et al. (2012) have shown that this mecimacan power the outflows in low
SFR and low mass galaxies (shown by two pink bars in Fig. 3\@)explore the theoretical
basis behind cosmic ray driven wind from low mass galaxiesgpendix G of this thesis.
We note that our results assumed a value,of- 800 km s™!, and a column density of
cold clouds of~ 10%' cm~2. If we assume a larger value of (~ 1000 km s1), then the
contour for only ram pressure will be able to explain the wimd ULIGs with large SFR
and high mass. A similar result will follow from larger vakief « for the radiation pressure
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case.

Itis interesting to note that the contour for only radiatprassure can explain the ULIRG
region of Figure 4.3 (top right corner). Extending to lar@#R, our results indicate that
radiation pressure will also be important for Hyperlumiadnfra Red Galaxies (HLIRGS)
(Rowan-Robinson, 2000). Lastly, although it may appearttiarole of radiation pressure
in galaxies other than ULIRGs is less dominant than ram presas far as energetics is
concerned, radiation pressure may still play an importaletin lifting the clouds to a large
height before it is embedded in the hot wind to help it surdivag (Nath & Silk, 2009;
Murray et al., 2011).

In summary, we have studied the outflows from disc galaxieediby ram and radiation
pressure. We found the criteria for the existence of outflatvthe scales of 20 kpc
in galaxies. We further explained theoretically the thoddhvalue ofX>gsrr, required for
outflows as reported in observations. We compared our sesitlh data in the parameter
space of galaxy circular speed and SFR. We found that thendrimechanism of escaping
wind is different in low mass and high mass galaxies, withatoh pressure being important
for high mass galaxies with high SFR. We also found that ontflmay occur in galaxies
even with very low star formation rates (SER).5 M, yr—!), however a different mechanism
would be operating in such cases. One such mechanism is #meicoay streaming as
discussed in Appendix G.



Chapter 5

Hydrodynamic Model for SNe and AGN
Driven Outflows

Based on :
Sharma, M. & Nath, B. B. 2013, ApJ, 763, 17

67



Chapter 5. Hydrodynamic Model for SNe and AGN Driven Outflows 68

The standard SNe/starburst driven free-wind models negdgbe effect of dark matter halo
gravity (e.g. Chevalier & Clegg, 1985). Gravity may not bgortant for dwarf galaxies but
definitely important for the high mass galaxies (e.g. Mac Kokerrara, 1999). SNe driven
winds are important for low mass galaxies and the inclusibthese in galaxy formation
models can account for observed stellar content of galaaidew mass end of the halo
mass function. At the higher mass end, it is believed that AgeNback shapes the galaxy
luminosity function. In semi-analytic modelling the SNe &GN feedback are used as free
parameters which are tuned to explain the observed galaogepties. A proper understand-
ing for the outflow velocities and mass loss, invoked by atistudies of galaxy formation,
is still missing. We address these questions in this chatdrconstruct a trans-sonic wind
model taking into account the energy injection from SNe aochentum injection from AGN.

Main Results

e We derive steady state closed form solutions for the hydradyc wind from NFW
dark matter halo driven by the energy and mass injection 8dla and the momentum
injection from an Eddington limited AGN.

e We find that the wind dynamics depends on three velocity scéduv, ~ (F/2M)!/?
describes the effect of starburst activity, with // as energy and mass injection rate
in a central region of radiug; (b) v, ~ (GM,/2R)"/? for the effect of a central black
hole of massV/, on gas at distanc& and (c)v, = (GM,/2Cr,)'/? which is closely
related to the circular speed.J for NFW halo, withr, as the halo scale radius aéd
is a function of halo concentration parameter.

e We find a general expression for wind terminal speed given by= (4v? + 6(T" —
1)v? — 402)'/2 wherel is the ratio of force due to radiation pressure to gravityhef t
central black hole.

e We find that the winds from quiescent star forming galaxiesoa escape when the
halo mass is in range)!'!5 < M, < 10'%5 M. We note that the circumgalactic gas
at large distances{ 10 kpc) from galaxy centres should be present for galaxiesig th
mass range.

e For an escaping wind, the wind speed in low to intermediatsshgalaxies isv
400—-1000 km/s, consistent with observed X-ray temperatures.

e We find that the winds from massive galaxies with AGN at Edtbndimit (due to
electron scattering) should have spegd000 km s .

e Using inputs from our outflow model, we derive stellar to hadass ratio in galaxies,
following the scheme suggested in Granato et al. (2004) aadk&r et al. (2006). We
find that the stellar to halo mass ratio peaks roughy/at~ 10'2 M, where the cross-
over occurs towards AGN domination in outflow propertiesrirstarburst activity at
lower masses. The stellar mass for massive galaxies seales ac M-*¢, and for

low mass galaxies\/, oc M/,
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5.1 Introduction

In the standard scenario of galaxy formation the baryonittendalls inside the potential
wells created by dark matter halos. This in-falling mater@ols and forms stars. This pic-
ture is met with problems as the galaxy stellar mass funataes not follow the halo mass
function. Both low and high mass halos have significantlydowhan predicted value of
stellar masses (Somerville et al., 2008; Moster et al., 28&broozi et al., 2010). To rec-
oncile with these problems it has been proposed that the 8tlstarbursts provide thermal
energy injection and cause large amount of mass to flow olneofalaxy as galactic super-
winds (Dekel & Silk, 1986; Larson, 1974; Oppenheimer & Da2@06). The star formation
is suppressed as the galaxies lose a significant portioreaflitaryons due to this negative
feedback. Although this picture can provide explanationtlfi@ low ratios of)M, /M, for
the low mass halos, but for the high mass halos, gravity besmtrong and the SNe are
not sufficient to drive the gas out. In order to resolve themdisancy at high mass end, it
has been argued that the AGN outflows may sweep away the lsaaymhsuppress the star
formation in high mass galaxies (Silk & Rees, 1998; Wyithe &b, 2003; Di Matteo et al.,
2005; Springel et al., 2005; Croton et al., 2006; Bower et28106). These two feedback
processes, when considered together, are believed taeipeshape of galaxy stellar mass
function at both low and high mass end (Binney, 2004; Catiasteal., 2006; Puchwein &
Springel, 2013).

Apart from their cosmological importance as a feedback ggscgalactic winds have
been a topic of research as a gas dynamical problem in gajattyisics. Speculations on
the possibility that galaxies can harbour large scale wiolitswed the models of solar wind
developed by Parker (1965). Burke (1968) proposed a modehs$-sonic winds from the
galaxy with heat and mass addition from SNe. It was furtheppsed that galactic winds
may cause ellipticals to lose all of their gas (Johnson & Adfd971; Mathews & Baker,
1971). The review by Holzer & Axford (1970) gives an elaberatcount of the theoretical
aspects of solar and galactic winds. Chevalier & Clegg (18&b6wed that energy injection
at the center can drive a fast super-wind from the dwarf lstiast galaxy M82. In this
work the gravity of the galaxy was not considered and theinbthsolutions were trans-
sonic with a heat injection up to the sonic point. Wang (199%)deled the wind from a
power law gravitational potential and showed that wind msgape the galaxy or settle in
a galactic corona depending on the mass of the galaxy andféet ef radiative cooling.
Silich et al. (2011) studied the effects of cooling on winasi individual star clusters with
exponential stellar density distribution. Winds drivendmsmic rays have also been studied
in the literature (Ipavich, 1975; Breitschwerdt et al., 198amui et al., 2008; Uhlig et al.,
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2012).

Observations show that the winds do not consist of a homagysmaedium. The hot gas
emitting X-rays and the cold/warm gas visible in emissiod ahsorption lines (Strickland
etal., 2004; Bouché et al., 2012; Kornei et al., 2012), ién the galactic winds (Heckman
et al., 2000; Veilleux et al., 2005). Hot phase appears asoatnilow of tenuous gas while
the colder phase is clumpy in nature. It is usually believed told neutral clouds form as
a result of thermal instabilities in the hot flow and they an&r&ned with the parent flow
because of its ram pressure (Heckman et al., 1993). Hydeodigal simulations with radia-
tive cooling also supported this scenario (Suchkov et 841 Strickland & Stevens, 2000;
Cooper et al., 2008). However, recent observations shoithiarelocity of neutral clouds
does not correlate with the velocity of hot flow and rathepitrelates with the circular speed
of the host galaxy (Martin, 2005; Rupke et al., 2005b). If @oasiders the momentum
driven winds where the radiation from the galaxy acts on thst drains, then these observa-
tions can be explained (Murray et al., 2005; Sharma et al.12Chattopadhyay et al., 2012;
Nath & Silk, 2009). However, the radiation may not be suffiti@ fainter low mass galaxies
and ram pressure is still required to explain the cold windbése galaxies (Sharma & Nath,
2012; Murray et al., 2011; Hopkins et al., 2012). On the otieerd in high mass ULIRGs,
radiation from AGN may be an alternate mechanism for drivongflows apart from SNe
and stellar radiation.

In spite of the general consensus about the AGN driving irsguautflows, observation-
ally it has been hard to establish that outflows in galaxiesa#so powered by AGN (Rupke
et al., 2005a; Westmoquette et al., 2012). However, redesgroations do show compelling
evidence for the AGN driving in galactic outflows (Sturm et 2011; Rupke & Veilleux,
2011; Alexander et al., 2010; Morganti et al., 2007; Dunnle2810; Feruglio et al., 2010;
Fu & Stockton, 2009; Villar-Martin et al., 2011). From thHeebretical point of view, con-
siderable amount of work has been carried out in modelin@tiath driven outflows in the
immediate vicinity of the AGN (Murray et al., 1995; Proga &f 2000; Kurosawa & Proga,
2009; Risaliti & Elvis, 2010). However, the effects of ratitim from accreting black holes
has not been discussed for driving galaxy scale outflows réet al. (2005) proposed the
existence of a critical luminosity for the AGN (or the galecessary for the blow-out
of all the available gas. The value of this critical lumingsiepends on the dust scattering
opacity at UV. Everett & Murray (2007) studied Parker windrfr AGN occurring at scales
of ~ 100 pc. Debuhr et al. (2012) carried out simulations showingttiainitial momentum
injection and the fast outflow in the vicinity of hole may shkabe surrounding ISM and can
result in a galaxy scale outflow. Whether the outflows due¢cNBN are energy conserving
or momentum conserving has been a topic of debate as well &S\lusser (2010) argued
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that the energy driven outflows are not possible in the galhatges. King et al. (2011) pro-
posed that AGN outflows are momentum driven at small scalésaargy driven on larger
scales. Faucher-Giguéere & Quataert (2012) showed thatabkng in the region, shocked
by AGN radiation pressure, may not be effective and the autflcan be energy conserving.
McQuillin & McLaughlin (2012) studied the large scale matiof momentum-conserving
supershells from a dark matter halo. Novak et al. (2012)iedhrout a radiation transfer
calculation assessing the efficiency of various compor#m&N spectrum in driving out-
flows. This work showed that most of the UV flux is quickly alisest and re-radiated in IR.
The IR radiation can drive a dusty outflow and may result ing@ss much higher than the
line driving mechanisms, on the scales connecting the AGiNharst galaxy as shown by
radiation hydrodynamic simulations (Dorodnitsyn et ab12) .

It is evident from the studies on starburst and AGN driverflows that these processes
play an important role in the formation and evolution of g&a. In galaxy formation mod-
els, these two processes are generally invoked using siegfees through feedback factors.
However, in theoretical models of winds they have beendckaéparately for the low mass
and high mass galaxies. There is a lack of models that deaetomplete hydrodynamic the-
ory of winds which can envisage both these feedback prosessé¢his chapter we address
this problem analytically and bring in both these wind driyagents together and using the
analytical results from our calculation we also attempt gpianation for the galaxy stellar
to halo mass relation.

We start with the derivation of a general wind equatio2, which accounts for any
possible mass, energy and momentum injection. We thenrgraderief derivation of SNe
driven wind model of CC85 and extend this model to the cadedireg a dark matter halo
in §5.3. Afterwards irg5.5 we introduce the momentum injection from the AGN andwaeri
a general analytic solution for the galactic wind, which imgmits from SNe injection, NFW
gravity and the central black hole. This solution leads ustgortant results like the termi-
nal velocity of winds, condition for escaping winds and tlependence of wind properties
on the halo mass and the black hole masg;5l5.2 we show the velocity, density and tem-
perature of the outflow as a function of the distance from #@re. Interestingly a class
of our solutions can explain the gas reservoirs in the thaogal halos seen in observations
(Tumlinson et al., 2011) and simulations (van de Voort & S&h)2012; Stinson et al., 2012).
In §5.6, we study the cosmological implications of our resubitofved by discussion and
summary of our findings.
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5.2 Basic equations

We consider steady spherically symmetric winds driven bgsremd energy/momentum in-
jection from processes that are confined in a central redioadius R. Consider a heating
rate £ and mass injection rat®/ in this region, which has a size of a few hundred parsecs
(see below) then the basic fluid equations can be written as,

1d, |, M

il - = — A
rzd'r*(pw) = (5.1)
dv ldp do mu

= - 2
Udr pdr dr +f(r) P (5-2)
1d , (v & do(r) E

2 dr {f’“’” (EH_J}““( o ) =a=g (5-3)

HereV is the volume of the central region in which the energy inggceind the mass in-
jection is occurring.®(r) represents the gravitational potential afia) is the momentum
injection force per unit mass is the Laplacian sound speed. In this work we will be con-
sidering the momentum injection from the AGN in opticallyrtlimit hence thef(r) has an
inverse square dependenceroil he above written system of equations do not have a critical
point if the heating and mass injection is zero. Howeveraffinite energy and mass injec-
tion there is a critical point. For an extended energy andsrdasgribution the critical point
can be determined numerically as done for super star-clwatels in Silich et al. (2011). To
extract maximum information analytically we have consatkthe energy and mass injection
to be confined in a region of radius= R, following Chevalier & Clegg (1985, hereafter
CC85). Therefore in the present case the critical pointtisaged right at the boundary of
central injection region.

In this work we do not consider the radiative cooling, as geserally believed that the
energy loss via radiation over the entire wind is small asd Bominant than the adiabatic
loss (Grimes et al., 2009), hence the cooling does not dffiectlynamics of the flow. How-
ever, it may still be important for the thermodynamics offlber (see Appendix D) and may
result in the precipitation of the wind which can not be death the steady stable flow solu-
tions. The dynamics and survival of clouds formed by theimsthbility in the galactic wind
is also an important issue and it has been studied elsewméhe icategory of cold winds
(Murray et al., 2011; Sharma & Nath, 2012; Marcolini et aD03; Cooper et al., 2009).
Therefore, we distinguish our model from that of the clumpgdsg and in the present work
we study analytically the large scale dynamics of homogessteady outflow from a NFW
dark matter halo and its cosmological implications.

By introducing the mach numbevt = v/c,, the above equations can be transformed to
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the following ordinary differential equation (see Appexdifor a complete derivation).

M2-1 M2 oy r(l4aM2) (BN (1) (£(r)— 222
MZM2(y—1)+2) dr 7 (1 + 7M ) 2pv ( e(r) 1) + 2(y—1)e(r)
(5.4)
wherern = M/V ande(r) = & + . We will usey = 5/3. As mentioned above, the

termsE and M represent the energy and mass injection in a central redisiz®r = R,
beyond which they become zero. We use- 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, tfeeeethis subsection also serves
as a consistency check for equation (5.4). In the CC85 swigravitational force of the
galaxy is not considered as the wind speeds were of the ofdeoosandkm s~ which
is an order of magnitude larger than the circular speed obstst galaxy M82. There is
no external driving forcef((r) = 0). Hence the main driving force is the energy injection
from SNe in a centra200 pc region. The size of the central region also marks the baynd
where the energy injection and the subsonic part ends. Ting@guation then can be solved
analytically for subsonicA1 < 1) and supersonict > 1) part of the wind.

In order to derive the subsonic part of the solution, we canius= 3pv/r which results
from the integration of continuity equation. Therefore &tijon (5.4) becomes

M2 -1 dM? 2 3(14+9M?)  3(1+M?) (E/M ) s
M2(M2(y = 1)+ 2) dr r r 2r e(r) '
Direct integration of energy equation (5.3) by retaining #nergy and mass injection and

neglecting the gravity and external driving resultsdfr,) = E/M = 202, where we have
defined a velocity parameter, = \/E/QM . It can be shown that at the critical point,
verit = V(R) = ¢s(R) = v,. Substituting thig(r) in equation (5.5), we get,

M?—1 dM? =1 —3yM?

= 5.6
M= DME 1] dr ; (5.6)
This can be integrated to get the following solution,
3y + 1/ M? a1 v =142/ M?\ 260D r
—_— =— 5.7
6o (M) = ( 311 ) ( o i <R (7

Following similar steps and additionally dropping the ttjen terms, we can evaluate
supersonic part of the solution. Analytically it impliestieg ® = f = M = F = 0 in the
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wind equation (5.4). Therefore, we are left with the follogidifferential equation,

M? -1 dM? 2
== 5.8
M2[(y = 1)M?2 4+ 2] dr r (5-8)

This can be integrated to get the following solution for thpersonic part of the wind,

7—1+2/M2)%

5>(M):M”l( r 1

- (%)2 . r>R (5.9)
These expressions were arrived at by CC85. We shall use dedisétions ofé (M) and

0~ (M) in the rest of this chapter. The terminal velocity of the windhis solution can be
obtained easily from the energy equation which gis@s = v?/2 + ¢2/(y — 1) = 2v?. For

r — oo, the sound speed can be neglected and we.get 2v, = (2E/M)'? . In the
supersonic part of the wind foy1 > 1 the relation in equation (5.9) can be approximated by
M? o r2. Therefore, when the velocity attains its terminal valbentc? oc 7' « r~*/3 and

p o< 2,

5.3 SN driven winds from NFW halo

In this section we study the effects of NFW dark matter halehenwind velocity in detail.
One can therefore consider the calculation in this sectsoaneextension of the supersonic
part of CC85 solution. We proceed first by fixing the dark nrateo parameters in the next
subsection.

5.3.1 Dark matter halo properties

Here we discuss the properties of the NFW dark matter halahwill be used through-
out the rest of the chapter. We consider a Navarro Frank anide{MiW) dark matter
halo with a density profilp = p,r3/[r(r + r,)?] (Navarro et al., 1996). For a dark mat-
ter halo of total mass\/;,, which collapses at a redshift the virial radius is given by
Toir = [3My /(4T A(2)QZ, perit) ]2 (1 + 2) =1 WhereA.. is the critical over density which can
be written ash.(z) = 187%—39d2+82d., with d. = Qz,—1 and(2;, = e
with parameters having their usual meaning (Bryan & Norni&@98; Bullock et al., 2001).
We set(),, = 0.258, Q) = 0.742, h = 0.72, according to the results from WMAPS5 (Ko-

matsu et al., 2009). Using these values, the virial radingeawritten as

My, 2 [Qn Ad(2)
1012 M, Q. 1872

~1/3
rvir = 210 ( } (14 2)7" kpc (5.10)
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The corresponding circular speedds= /G M, /r;;. So it can be written as,

My NPT A L e o
v. = 143 <1012 M@) 0: 182 (1+2)Y% kms (5.11)

The gravitational potential due to the NFW dark matter halo lse written as,

GM,, In(1+r/ry) oy In(1+r/ry)

1+c¢)—c/(1+¢) r /T (5.12)

o - _
NFW In(

In this v? = GM,,/2Cr, andC = In(1 + ¢) — ¢/(1 + ¢). Alsor, = r,/c is the NFW
scale radius withr as the halo concentration parameter which depends on bimiass
and the redshift of virialization. We use the fitting formdita ¢ given by Mufioz-Cuartas
etal. (2011).

5.3.2 Effect of dark matter halo on winds

We study the effect of gravity in the supersonic part of tHetsan. In the subsonic part, the
NFW gravity does not make a difference as shown in AppendiXiBerefore the subsonic
part is same as in the previous section and we can assuméaehaeérgy injection propels
the gas to a speed of,;; = v, = (E/QM)V2 at the critical point. To study the supersonic
solution beyond the critical point (> R) , we setE andr equal to zero, and use the NFW
potential in equation (5.4), which results in the followiaguation for the supersonic part,

M2[(y = D)M24+2] dr 7 e(r) dr '

wheree(r) = v?/2 + /(v — 1). From the direct integration of energy equation we obtain

112 C2 "
— + 5 + (I)NFW(T) = O
2 -1 R

= e(r) =207 + Pxpw(R) — Papw(r) (5.14)

where we have used the value of velocity at the critical pagit.,i;; = v(R) = ¢;(R) =
v, = (F/2M)'/? Substitution of this:(r) in equation (5.13) followed by integration results
in,

In |6 (M)]| = 2In|r| + 2In|20? + Oxpw (R) — Pxpw(7)| + const. (5.15)

whered-. (M) is defined in equation (5.9). In Appendix C we have plotteddtwetours of
M versusr for an arbitrary value of constant. For the analysis here ik fhe solution
which has a critical point at radiu8. To pick that solution we set. (M) = 1 andr = R
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in the above equation which fixes the constant and we get,

. ri2 22}3 + @pr(R) — (I)NFW(T) 2
5o (M) = [E] [ o } (5.16)
Using the definition ofbyrw given in equation (5.12) we get,
2 2
~ (/R |1 U (At /)
0~(M) ~ (r/R) [1 22 (1 " (5.17)

wherev, = /GM,/2Cr,. Comparing with equation (5.9), one can clearly see that the
solution picks up an additional term due to the gravitatidaace of NFW halo. The solu-
tion has three different regimes depending on the valuesofdtiov? /v2, as described below

e case 1 w? >>v?
This is the case when the initial injection upto the critipaint is very strong and
hence the wind velocity at the critical point is large. Thea @an neglect the ratio
v?/v?, and we get
05 (M) = (r/R)? (5.18)

The NFW halo has negligible effect in this particular case &e have recovered the
supersonic part of CC85 solution.

e case 2 v? = 0?2
In this case we get

5o (M) = (% In(1 —1—7’/7’3))2 (5.19)

which shows that the gravity of dark matter halo affects tbev fsignificantly. As
there is a logarithmic dependence in the above equatioreftre in largeM limit,
the Mach number and hence the velocity increases slowlynyithcomparison to the
case without gravity.

e case 3 w? < v?
In this interesting case, we find that the wind speed decseas#finally becomes zero
at some distance. This distance is decided by the rdtio?, and can be determined
by requiring that R.H.S = 0 at some= r.. We get,

In(1 2
In( +re/rs) 1% (5.20)
T8 /Ts v2

If the ratio v?/v? ~ 0 thenr, ~ 0 from the above equation, which contradicts the
assumption in deriving this solution as it is a supersonigtsm and valid forr > R.
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Figure 5.1: The wind velocity in the supersonic regime for the solutiagthiNavarro-Frenk-White dark matter
halo. The reference mass usedig = 10'2M,. The solid, dashed and dotted line aredgyv? = 10,1,0.3
respectively. The x-axis startsat= R = 200 pc and ends at the virial radius of the halo.

It implies that the ratio needs to have a finite value so thaj@te-, > R. Therefore,
in this case wind starts with velocity being equal to the sbspeed at = R and then
stops at a distance.

Another interesting result which can be deduced from the/@leguation is the con-
dition for escape of the wind. if, = v, thenr. = oo, which means that winds will
escape the galaxy. Hence any heating occurring at the basetmasomehow propel
the gas at least to a speed-ofu, so that the gas can escape the galaxy.

In Figure 5.1 we plot the supersonic wind velocity for a refere halo masa/;, = 102 M,
with other NFW parameters calculated using definition§5r8.1 atz = 0. The value of
vy = 236 km s™! for this halo. The solid line is for? = 10v? and in this case the injection
is large so that the gravity of the halo does not affect the.fldWwat is why the solid line
leaves the plot window and the wind velocity at largest diséais~ 1500 km s which
is double the value at = R in agreement with the result, = 2v, of previous section on
the solution of CC85. The dashed line represents the casee@ wyh= v, and the NFW
gravity is important. Consequently the velocities are oeduand at the virial radius, we
get a wind velocity~ 200 km s~' . The dotted line is fov? = 0.3v? and it represents the
case 3 discussed above. This line exhibits the flow which arsilde the galactic halo at a
final radius,rr ~ 50 kpc. We find that for the low, values, which implies a low value of
velocity at the critical point, the gas stops at some poitliivithe halo. We note that similar
solutions were obtained by Wang (1995) for power-law padérend for specific values of
wind speed and mass loss rate, but the calculations wererdonerically. The analytical



Chapter 5. Hydrodynamic Model for SNe and AGN Driven Outflows 78

model presented here generalizes these solutions to NFdahdlto general values of wind
speed.

5.4 Injection parameters and value ofv,

In the last section we discussed the importance of the rafi? = £/(2Mv?). Here
we would like to determine the possible valuesupfwhich we will use for the rest of
the analysis. We can define the energy injection from supam@er unit time af’ =
afsyM, x (10°! erg) where10°! erg is the energy output of a single supernavas the
fraction of this energy retained by the gas after radiativergy losses)/, is the SFR in
solar mass per year arnfgd, stands for energy injection per year per solar mass of star fo
mation. For a Kroupa-Chabrier IMifgy ~ 1.26 x 102, Therefore we have,

E~ [a M, (4 x 10*)| ergs™! (5.21)
The mass injection rate is written as
M = BR;M, (5.22)

WhereR; is the return-fraction. Typically 30% of the mass is returne the ISM hence
R; =~ 0.3. The factorg takes into account the entrainment of mass from ISM which can
increase the overall mass injection. For the starburskgd#82, ;5 is in the range 1.0 to 2.8
which givesM ~ 1.4 — 3.6M, yr—! (Strickland & Heckman, 2009). Martin (1999) found
that for a range of galaxies from low to high masses the massrbte roughly scales with
SFR (see also Heckman, 2002). We thereforeldse 1M, , which corresponds t6R ; ~ 1

With these value of? and M we estimate the value of which is(£/2M)'/? = 562,/a
km s~! . We consider two modes of energy injection from SNe. In the fiase, almost 90%
of the energy of SNe is lost via radiation and only a smalltfcacgoes into heating of the
wind. For this 'quiescent mode’, we use= 0.1 which givesv, ~ 180 km s~1. In the other
case, when the central injection region is dense and thersonse are overlapping so that
radiative losses reduce, and due to thermalization, 3090084lof the supernova energy
goes in heating the wind (Strickland & Heckman, 2009). Thetof situation is evident in
galaxies like M82 where the SFR is generally high and thectige regions are supposedly
quite dense. For such a case= 0.3 — 1.0 and we gew, ~ 308 —562 km s~t. To represent
this mode we take, = 500 km s~ . We will call this the ’starburst mode’.

The values ofy, chosen here brackets the range of the possible values. Weasimp
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that this range of,, when equated with sound speed corresponds to a temperamnge of
roughly~ 0.2 —1 keV, which is consistent with the hot wind temperatures oleskin a wide
range of galaxies (Martin, 2005). On the other hand the gaigismode{, = 180 km s

) is suitable for the galaxies with low values of SFR, like own Galaxy. This particular
mode also yields interesting results, and we will discussniplications in a later section.

5.5 Winds in the presence of AGN

The AGN is important as it gives a strong momentum injectmithie gas via its radiation
field. A large fraction of AGNs show the evidence of outflowas, and it is possible that all
AGNs drive outflows and they are observed when they are viexdge-on. Theoretically,
these outflows have been associated with the co-evolutidahack holes and the bulge of
the host galaxy (Silk & Rees, 1998; King, 2003, 2005). How A@&N interacts with the
ISM of the host galaxies and whether it can drive a large swatibow which can escape the
galaxy is an important question. AGN can affect the gas irhttst galaxy indirectly where
it produces fast nuclear winds which shock the ISM into shellhe fate of these shells is
then decided by the supply of energy and momentum injectam the inner regions. Apart
from this indirect way AGN can also interact with the dusthriSM directly via its radiation
field. This interaction is capable of driving large scaleflowts (Murray et al., 2005). Here
we consider this mechanism and model the outflows as beiagrdny (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 w&ystly it can be provided
via the scattering of photons by the free-electrons. As thenTpson opacity is generally
small (<7 ~ 0.34 cm? gm~! for a fully ionized gas with solar metallicity), this may be
effective in the regions close to AGN where the densitiesgaiige large and the radiation
field is strong. Another way momentum is transferred to poadiwoutflows is via line driving
mechanism (Murray et al., 1995; Proga et al., 2000). We denghe momentum injection
via the absorption and scattering of AGN radiation by duatrgg. Dust opacities are rather
high and recent models of momentum driving of outflows due®N& and galactic radiation
as well, consider the scattering of photons by dust graihs. gas is assumed to be coupled
to these grains through momentum coupling, and get dragifedustify this assumption in
Appendix E.

Let us derive the force due to momentum injection by AGN raalie(f (r)) which then
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will be substituted in equation (5.4). In its general forime tmomentum injection from a
radiation field can be written as,

f(r)= m? (5.23)

wherek is the volume averaged opaciff, stands for the frequency integrated flux of radia-
tion and c is the speed of light. For spherical symmetry ané foptically thin atmosphere,
the radiation flux can be written a& = L/4nr?. Hence the force of radiation becomes
xL/4mr?c. This force has an inverse square dependence on r, hencelieaapresented as
a factor () times the gravitational force of the black hole. Therefaf¢he gravity of the
central black hole is given bjj,.., = —G M, /r? then in the presence of an outward radiation
force, the effective force is written &5,y = —(1 — I')GM,/r? with I = kL /(47G M,c).
ForI' = 1, the effective force is zero, and for the case of Thompsotiesaag the corre-
sponding luminosity is called the Eddington luminosifyz{. The luminosity required to
exactly cancel the gravitational force may be differentedefpng on the opacity and process
responsible for momentum injection. For example, in caseaftering of UV light by dust,
for which the opacity is roughly 3500 times the electrontsrang opacity (Draine, 2003),
only a luminosity of~ 0.001 Lg is required to counter the black hole gravity. However,
it has been showed recently that most of the UV photon fielthftbe AGN may get at-
tenuated within a short distance because of the large opkgahs in AGN environments
(Novak et al., 2012). In that case the re-radiated InfraR3dghotons serve as the mainstay
of AGN radiation (see also Dorodnitsyn et al. (2011). Therefin this work we consider
the momentum injection from IR radiation. IR to dust scatigopacity is,x;z = 13 cn?
gm~!, in K band (Li & Draine, 2001; Draine, 2003) for a gas to dusiaaf 125. Opacity

in IR is not as large as it is in UV, however we find that it is kagnough to drive strong
outflows in massive galaxies. Hence the momentum injecticzefin our case becomes,

KrrL GM,
f(r)= i r = (5.24)
wherel' = k;rL/(47GM,c). We consider an Eddington limited AGNL(= Lg), where
Ly = (4nGM,c/kr) is the usual Eddington luminosity for electron scatterifidpis fixes
the value of” = x;r/kr ~ 38, for our case.

We need to justify that the atmosphere is optically thin irstRthat we can work with a
constant’. In order to do this we estimate the optical depth for IR lighptical depth can be
estimated as; ~ [ rkp(r)dr. Usingk;r = 13 cn? gm™* andp ~ 10 m, cc *which, as we
will see is an upper limit for density in our wind models, thatioal depth comes out to be
0.01 at20 pc and0.13 at200 pc. Even at the edge of the injection region the optical depth

very small, hence we conclude that the atmosphere is olgtibah to IR radiation. Beyond
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200 pc, the density decreases rapidly, as the wind expandsadaially in the supersonic
regime. As we will see in next section, density becomes as&W001 m, cc™! at 10 kpc,
hence the wind material stays optically thin to IR radiattarge distances as well.

Let us consider the supersonic section of the wind in whidh BdNe and AGN radiation
are effective. (See Appendix B for the subsonic part of thisdy For the supersonic part
the energy and the mass injection both are zero, althoughréwity due to NFW halo and
the effective force due to radiation and gravity from thetcamPAGN are present. The total
potential can be written as,

GM, 202 In(1 4 r/r)

Diotar (r) = Po(r) + Papw(r) = — , r /T,

(5.25)

With the aid of this total potential and the momentum injestiermf(r) = TG M, /r?, the
wind equation (5.4) for supersonic part$ R) can be written as,

2 2 _
M2[(y = D)M?2 +2] dr o €(r) 72 dr
Next we integrate the energy equation directly as below,
1-T"YGM, "
6(7’) — —( ) +(I)pr(T) = 0
r R
= e(r) = [203; — 2(1 = T)v + Onpw (R)] +2(1 — r)vfg — Onrw (1) (5.27)

where we have usedR) = 202, = 2v? — (1 — I')v2, from Appendix B for the subsonic
section of this wind. We have also used= GM,/2R. The term inside the square bracket
in the above equation is a constant, so if we substitute @7)tn 5.26 it becomes exactly

integrable and we get,

Injos(M)| = 2In|r|
+ 2In + const.

(5.28)

crit

202 2(1 — w2 + Oxpw(R) +2(1 — F)?f? — Onpw (1)

Using the conditioh 6. (M) = 1 atr = R, and substituting the expression for NFW
potential we get,

5o (M) =~ (r/R)? [1—(1—1“) 75 (1—5>— 23 (1—M)r (5.29)

crit r Ucrit r / T's

*By imposing this condition we have picked the solution whiditomes supersonic at= R = 200 pc.
To see the complete solution space the reader is referréé foftversus- diagrams in Appendix C.



Chapter 5. Hydrodynamic Model for SNe and AGN Driven Outflows 82

wherev?

a galaxy driven by energy injection from SNe and momentumciipn from the AGN. Let
us discuss some asymptotic behaviours,

=2 — (1 —T")v2/2. This equation gives the complete solution of the wind from

e Terminal speed :
We use the Bernoulli equation (5.27) to obtain the termipalesl. Taking the limit
r — oo in equation (5.27) and neglecting the sound speed we obtaifotlowing
general expression for terminal speed of SNe and AGN drivied fwom a NFW halo,

2, 3 » o\
Voo = 2 | VZ + §(T — D] — v (5.30)

Herev? = GM,/(2Cr,). In the absence of dark matter halo and the AGN we can
neglectv, andv, which givesv,, = 2v,. However in presence of NFW gravity but
no AGN we get the relation,, = 2,/v? — v2. For dwarf galaxies, the effect of NFW
gravity can be neglected, and therefore the wind speed ibwst mode is expected
to bewv,, ~ 1000 km s™* , consistent with observations of winds in starburst galaxy
M82. If the black hole is massive so that thedominates then by neglecting and

v, and puttingl’ = 38, we getv,, ~ 15v,, Which for a black hole of mass 10° M,
estimates to., ~ 1500 km s~ .

e Behaviour withr :
In equation (5.29) if the SNe injection term,J is dominant then we get1? o 2.
When the wind is moving with constant terminal spe€dx r~*3 andp « r~2 as
derived in§2.1. If the AGN provides the main driving then neglectingandv, from
equation (5.29), for large r, we once again retaitt o 72, and hence the scaling
T  r~*3. The density scales ascx r 2.

It is clear that, apart from the,, the wind properties depend on two more terms. One
involvesw, which is a parameter of the black hole and the other bejnghich depends on
the mass of NFW halo. To proceed further we need to learn wehétie black hole mass is
somehow related to dark matter halo.

Observations show that the black hole mass is related todloeity dispersion of the
central spheroidal bulge component of the galaxies, ancethgon can be written as

M, o
log| — | = blog ( ———— 5.31
°8 (MQ) a7 blog <200km s*1> ( )

This correlation has been extensively studied in the liteeg with slightly different values
for a andb. We will list a few of them. Gebhardt et al. (2000) was one o #arliest to
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report the correlation witlh ~ 8.08 + 0.07 andb = 3.75 + 0.3. Ferrarese (2002) gives
a ~ 8.22+0.08 andb = 4.58 0.52. Values in Tremaine et al. (2002) reads- 8.13 +0.06
andb = 4.02 £+ 0.32. For our analysis we use= 8.12 andb = 4.24 from a recent study by
Gultekin et al. (2009).

We also use a relation between theand circular speed.. Ferrarese (2002) reported
a correlation between the circular speed in outskirts advgabnd thes, given roughly as
ve o< oV 84E009  Similar relations were also deduced by Baes et al. (2008 Paxrella et al.
(2005). All these relation are very close to the linear ietat, = /20 for spherical mass
distribution (Binney & Tremaine, 2008), found in massivépsioidal galaxies where the
bulge to total mass ratio is unity (see also Volonteri & Sta@k 1). Hence for our analysis
we usev, = v/20.

The relation between, ando breaks down for low mass galaxies (Ferrarese, 2002). It
is easy to understand this as the lower mass galaxies may admige to total mass ratio
less than unity. Hence the galaxies with smaller bulges helte the mass of their black
holes smaller than the one expected frdfgo—,. relation. On similar grounds, Kormendy
& Bender (2011) concluded against the co-evolution of @rtlack hole and dark matter
halo. However, they also showed that a cosmic conspiracsesaLito correlate witho for
massive galaxies)( > 200km s~ ).

We would like to emphasize here that even if theo relation breaks down below a
v, < 200 km s™*, still it does not make a difference in our results becauseMBN term
is effective only for very massive systems. In equation@p.iRis the relative values of
ve andwv,, which govern the dynamics. Fer=200km s ' , usingc = 12 we getv, =
(GM,,/2Cr,)'? ~ 400 km s~* which is larger thar(v/T — 1)v, ~ 100 kms~' , and the
black hole term is even smaller for < 200 km s ! .

Using theM,—o relation provided by Gultekin et al. (2009), aided with tkeéationo =
v./V/2, whereu, is given by equation (5.11) we arrive at the following redatbetween black
hole mass and the halo mass (see also Volonteri & Stark (2011)

Me WE (M D Acl2)]" (14 2er)*/ (5.32)
0.74 x 107 M® o 1012 M@ Q7Zn 1872 Zyir .

wherez,;, is the redshift at which the halo collapsed and got viriallizThis relation can be
used to determine, as a function of halo mass through, = (GM,/2R)'/2. Substituting

v, andv, = /G M,/2r,C in equation (5.29) with, andC determined from the redshift
dependent definitions for NFW parameters giveg5t8.1. This enables us to compute the
mach numbers as a function offor the galaxy of any desired halo mas() and its halo
collapsing at any desired redshift. The mach numbers cankibeonverted to the velocity
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simply by multiplying it with the sound speed which can beaoéd using the relation
c; =e(r)/(M?/2+1/(y = 1)),

T T T T T T T T T
104 —v*:‘180 km/s,witL AGN zvir‘:O - z.
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Figure 5.2: Wind velocity at virial radius as a function of halo mass fouf different redshifts of collapse,
zvir = 0, 2,4, 6 in the panels from top-left to bottom-right respectiveleTthin red lines in each panel are for
starburst modey, = 500 km s~' ) and thick blue ones are for quiescent mode£ 180 km s~' ). Dashed
line represent the outflow speeds without AGN. The green hat-axis in top two panels gives the range of
galaxies in which the gas reservoirs in halos are observealffison et al., 2011).

In Figure 5.2 we plot the wind velocities at virial radTL(szwindNir) as a function of halo
mass(/,). The velocities are obtained by solving equation (5.2wiputs from equation
(5.32) and definitions i85.3.1. We show the results corresponding to four differexhe
of z.;, in four panels. red lines are for the starburst mode= 500 km s~! and the blue
lines are for the quiescent mode = 180 km s . The dashed lines represent the solution
without AGN and these show that the wind velocities cut ofoshe halo mass as the gravity
becomes strong enough to counter the energy injection. défget value of, this cut-off
occurs at a larger halo mass.

Consider a situation in which for low halo masses the AGNidgwerm is smaller than
the NFW gravity term. This implies that the wind velocity ati@ radius in low mass halos
decreases with increase in halo mass. However, the blaeknha$s also increases with the

fwind velocity at virial radius {wind,vir) N€€d not be equal to the the terminal speed at infinity)(as the
later is calculated by using the fact that the gravitatidoede at the infinity is zero while in case ofinq,vir
there may be a contribution from NFW gravity at virial radius
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halo mass. Since the slope/f,—)1, relation is greater than unity, hence the rate of increase
of the black hole or AGN term is larger and at a particular mabss it overcomes the NFW
gravity term. Hence for largest galaxies we should see arase in wind velocity with halo
mass, which indeed is the case as shown by rising solid limeméssive halos. One can
further compare the solid lines with dashed lines wheredtter represent the case without
the AGN and does not show any winds in high mass galaxieshatia 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 wimeltghing due to NFW gravity
as well as the high velocity winds due to AGN. There is a fgllpart of the curve which
exhibits the cut off at some halo mass and then there is anp#re which rises at some
larger halo mass. Hence there exist a range of halo massgdyauithin 101 7M,, which
do not have escaping winds. The exact value of this rangendesp® the redshift of collapse
(zvir). For example at,;, = 0 the rising part of the thick blue curve, which shows the dffec
of AGN, starts rising beyond a halo mass16f3M, while for z,;, = 2 it rises roughly at a
halo massv 10'2M,,. This is easy to understand as the AGN driving depends onléuk b
hole mass which does increase with redshift (see equati&?).5Also the falling part of
the thick blue curve ends at a smaller halo mass for a lardee v z,;,, because the value
of v, increases with redshift. We would like to mention here tihat tecent detection of
gas reservoirs in the halos of galaxies by Tumlinson et QlL{2 covers roughly the similar
range in halo masses shown by the green bar on x-axis in uppgranels of Figure 5.2.

If we focus on the wind velocities in lower to intermediatessdalos\/;, < 1012M,,
we find that AGN never dominate in these and if there are wihdy have to be driven
by starbursts and SNe. We note that the wind velocities inrmass galaxies fall in the
range400-1000 km s~! , depending on the efficiency of the energy injection proc€ksse
velocities agree with the ones inferred from the X-ray terapees of the superwind regions
in dwarf straburst and luminous infrared galaxies (Heckratal., 2000; Martin, 1999).
However, in case of galaxies with halo mad¢, > 10'2°M,, the wind velocities either
exceed 100@m s~ ' or they are quenched, depending on whether the AGN is preseot.

We note that in low mass galaxies where the outflows are dhiye®Ne, the wind veloc-
ity, Uwina S 1000 km s~1 . However, this limit is exceeded when an AGN is present,esinc
the curves with AGN show wind velocities 1000 km s~ . This reveals the presence of a
dividing line of 1000km s~ ! between SNe and AGN domination in velocity space as well.

In a hot wind with velocity ofv;,q the neutral clumps in the wind can be dragged via the
ram pressure. Maximum velocity these clouds can achieveeis¢locity of the hot wind.
As mentioned abovey,,q is always within 100Gkm s~ at the low mass end where SNe
injection dominates, therefore the cold clouds should bésoutflowing with velocity lower
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than 1000km s~ . On the other hand at the higher mass end, where the AGN dtesjna
the velocities may exceed this limit. Interestingly, thesetved outflow speeds of the neutral
clouds in diverse galaxies like dwarf starbursts, ULIRGsstgstarburst galaxies and Low-
ionization BAL quasars also follow this trend (Tremonti &t 2007; Sturm et al., 2011;
Trump et al., 2006).

It has been debated in the literature that the neutral caltawinds in ULIRGs are
driven by ram pressure of the hot wind and/or radiation fraanssin the galaxy or by the
AGN. If we consider the winds driven by stellar radiationrirtee wind speed is roughly
3 times the circular speed of the galaxy (Murray et al., 200&rtin, 2005; Sharma et al.,
2011). For a massive ULIRG with a circular speed00 km s~ the wind velocity predicted
1. On the other hand, if ram pressure
is the driving mechanism, then also the velocities of thetinoous hot wind and hence
of the neutral clouds can not exceed 1088 s unless an AGN is present. Therefore
we emphasize that the observations of wind velocity in exoé000km s indicate the

by radiation driven wind model will b800 km s~

presence of an AGN.

5.5.2 Wind properties with distance : Implications for gas doserved in
galactic halos

In the last section we have established that for a partioukss range the galactic winds
may not escape the galaxy. Therefore these galaxies areenotmportant for the inter-
galactic medium (IGM) enrichment. Interestingly our Milkyay with a total mass roughly
~ 10*2M,, also falls in this mass range. However, an important qoestiises for these
type of galaxies, as to whether or not these galaxies camrallahe gas in the disk even
though they can contain the gas insiqg.

We show in this section that infact these galaxies have awflahich spill their gas
reservoir throughout the halo. In Figure 5.3 we show thealadBpendence of wind proper-
ties for three galaxies which differ in the values of theilohmass. We have considered the
halos collapsing at a redshift ef;, = 2 which corresponds to a look-back time of roughly
~ 10 Gyr. We choose this collapse redshift, as a fiducial valueyder to model galaxies
like Milky Way and more massive galaxies, whose halos wereadly in place by ~ 2.
The thick disk in our Galaxy shows that Milky Way underwestlast major merger before
~ 10 Gyr, which corresponds te ~ 2 (Gilmore et al., 2002). Therefore our results can be
compared with observations of winds at low redshift{ 2) universe.

In Figure 5.3, the thick blue lines refer to the quiescent enpgd = 180 km s ) and
the thin red lines represent the starburst made= 500 kms~! ). The solid lines denote
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Figure 5.3: The wind properties as a function of distance from the basgehd is same as in Figure 5.2. From
left to right, the three columns correspond to three difier@lo masses, representing a dwarf galaxy, a Milky
Way size galaxy and a giant galaxy respectively. The x-axadlithe plots extend upto the corresponding virial
radius. The solid lines represent the winds in presence &idalington limited AGN and the dashed lines, the
case of no AGN. Thin red lines represent the starburst made: (500 km s~ * ) and the thick blue lines are for
the quiescent modey( = 180 km s~ ' ). The middle row contains the temperature profiles of wimdghiee
galaxies. The lowermost row shows the densities. To cakedensities we have uséd, = 1,3,10 Mg yr—*
forv, = 180 kms~ ', andM, = 10, 30,100 M, for v, = 500 km s, for three galaxies respectively.

the effect of AGN activity and dashed lines consider only 8i¢e injection. The upper
panels plot the velocity as a function of radius, and the teidehd bottom panels plot the
temperature and densities respectively. The densitieesam®ated using the relatign =
M /4mvr?, whereM ~ M,. For three galaxies withf, = 10'!,10'2,10"3M,, we have
used)M, = 1,3,10 Myyr—* for quiescent mode antl/, = 10, 30, 100 M,yr—* for starburst
mode respectively.

The curves show that for low mass galaxies, all types of w{mdth or without AGN,
guiescent and starburst mode) escape the virial radiushé\bther extreme, for massive
galaxies, winds with AGN activity can escape, but without®®N, they stop at a distance
within the halo ¢ 10200 kpc). The gas temperature and density slightly rises affitinas
halting point due to adiabatic compression. We would likenention here that the radiative
cooling can be important for these particular cases as twlgtsolution ceases to exist
beyond a point. Even if the cooling time is shorter than the fime initially, after many flow
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crossing times the cooling will become effective which mayse thermal instability. This
can lead to formation of clouds whose fate then will be detiolethe physical properties in
their environment (see also Wang 1995).

For the intermediate mass galaxy/{ ~ 10*?M,), we find that both of the thick blue
lines (i.e., quiescent mode of star formation with or withAGN) are contained inside the
virial radius. This implies that the wind needs strong stesbactivity in order to escape the
galaxy irrespective of whether or not AGN is present. Thénddghick blue line corresponds
to a quiescent mode of star formation without AGN and rougldgresponds to our own
Galaxy. Interestingly, we find that a slow wind is possibl@éjetn may extend to a distance
of ~ 20 kpc. This can explain the recent observations of cloudshiyuat 1020 kpc in our
halo (Keeney et al., 2006).

The solutions which end inside;, are important in the wake of recent observation of
warm-hot gas clouds in the halo of our galaxy and for otheaxgak as well (Tumlinson
et al., 2011). Also recent simulations confirm these gasvess around the galaxies of
intermediate masses. Recent works find that although inghergl scenario of galaxy for-
mation the intermediate mass galaxies are efficient inmgtgitheir baryons, these galaxies
do not retairall of the baryons. It appears that only 20% to 30% of baryons@measted to
stars in these galaxies as well (Somerville et al., 2008;tbtast al., 2010; Behroozi et al.,
2010). Our results provide a natural explanation for thesmgsbaryons in these intermedi-
ate mass galaxies.

5.6 Discussions

In this chapter we have studied galactic outflows driven bg 8ijection and AGN radiation.
We have calculated the outflow properties in halos rangioghffow to high mass. The
treatment is analytical which enabled us to extract funddaaieesults for these feedback
processes. Below we present a simple analytical estimdteeddtellar to halo mass ratio of
galaxies, following the work of Granato et al. (2004); Sheandt al. (2006). Afterwords we
recapitulate and discuss the results obtained in this wadkeefew caveats.

In the scenario of hierarchical structure formation low egalaxies form at earlier times
and post formation history is influenced by mergers and thiege of enhanced star forma-
tion activity. The semi-analytical modelling (SAM)(see W8gn 2006), which uses simple
recipes for feedback and follows the structure formaticzoading toACDM model, can ex-
plain the observed properties of galaxies (Somerville.e@D8). In recent years there have
been a growing amount of observational evidence that theinealslack holes were already
in place at high redshifts. Also, it is well accepted that nh@ssive galaxies formed their
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stars at earlier epochs as they appear redder at presest tiompared to the younger galax-
ies in which star formation is still going on (Fontanot et @009, and references therein).
This phenomenon, which are commonly referred as 'downgizindicate a possible role the
massive black holes would have played in quenching the atardtion in massive galaxies
at earlier epochs (Somerville et al., 2004; Granato et @042Croton et al., 2006). We fol-
low the semi-analytical scheme proposed in Granato et @4Pfor which an approximate
analysis is provided in the Appendix A of Shankar et al. (2006ing which, we can write
the rate of change of cool gas in halos as,

M au(t)

Mcold (t> = P

— ML() + Ry ML(t) — LML(1) (5.33)
whereR; is the return fraction of stars whose value)ig for a Salpeter IMFL1, is the
mass loss rate, is the cooling time ;. () is the mass available in the halo for infall at
a timet . Equation (5.33) can be solved to obtain a time independduatign in large time
limit and yields a stellar mass at present epoch as (seeieqa?) in Shankar et al. 2006),

fcosm Mh

M*: survy 4y, .
/ I—Rf+£

(5.34)

where f...,, = 1/6 is the cosmic baryon ratiof,,, is the fraction of stars surviving up

to now and its value is approximately6 for a Salpeter IMF. Asf,,, feosm @aNdR; are
constants, therefore we gé&f,.. o« M,/L. In case of SNe feedback the feedback factor
is written asl = %Odlerg) whereEying = [v2f(c)(1 + feosm)/2] With f(c) as given in

Mo et al. (1998), represent the binding energy of gas in the @ unit mass. The quantity

in the numerator is nothing but/M = 202 whereu, is the value of velocity at the critical
point for the case of only SNe injection and no AGN. When theNAS also present we
can use the modified value of velocity at the critical poinvegi in equation (5.27) which is
v = v2 — (1 —T')v?/2. Hence in the case of both SNe and AGN feedback we can write

the loss tern’ as,

9 2 2 2 1=\, 2
J . L - 2[ = (5] (5.35)
Evcf(c)(l + fcosm) Evcf(c)(l + fcosm)
verit 1S the velocity at the critical point and. the virial velocity of the halo. While the
velocity at the critical point measures the strength of SN&@ AGN as a mechanism of
mass expulsion, the velocity at the virial radius is a meastibinding energy of the halo.

For NFW halow, oc M,/%. Alsov2 o M, o« M} (see equation 5.32). Using these we
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get
M, M?

2 Tar X 1.41
DM,

M, (5.36)

whereC, D are constants and = [0.8f(c)v? + 4v2]. From the above relation, for a fixed
value ofwv,, we find that for small halo masses we haWe o M,f/?’ and for large halo
masses, when the AGN dominates, we @&t o« M. The break occurs andl/, /M,
peaks roughly in the range 10'27!25M,, as the ratio?;, /v?> becomes minimum around
this mass.
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Figure 5.4: Stellar to halo mass ratio at present time from theoretioatierations in this work is compared
with the observational data for individual galaxies cosytélexie Leauthaud. The upper three (blue) lines
represent the case with = 180 km s~ ! and may represent a quiescent galaxy. The lower three (re) |
are forv, = 500 km s™' . In these the dashed, solid and dash-dotted lines corrdgparollapse redshifts,
zvir = 2, 4 and 6 respectively. The data points are from Mandelbawah 2006 : filled red circles, Geha et al.
2006:filled green squares, Pizagno et al. 2007 : filled purjaagles, Springob et al. 2005 : dots, More et al.
2011 : stars, Conroy et al. 2007 : diamonds. The thick grapethsdotted and dash-dotted lines represent
the results of halo abundance matching from Leauthaud €@l2), Behroozi et al. (2010) and Moster et al.
(2010) respectively.

In Figure 5.4, we plot the SHMR at present day, against the imalss obtained by using
equation (5.34), (5.35) and (5.32). The set of upper three lies is forv, = 180 km s
and the lower three red line represent= 500 km s~' . In each set the dashed, solid and
the dash-dotted lines correspond to three different rédsbi collapsez.;; = 2, 4 and6
respectively. We note that, in this section the quantjtys arbitrary and we have used two
values to show the dependence of SHMRupnAlso, we stress here that the theoretical lines
denote the value of SHMR at present day 0) for the galaxies which got viriallized at a
particularz;,.

The squares, dots, and triangles in Figure 5.4 represerdtétiar and halo mass data
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inferred from works on Tully fisher relation by Geha et al.@8) Springob et al. (2005) and
Pizagno et al. (2007) respectively. The stars and diamalesent the data from (More
et al., 2011) and (Conroy et al., 2007) who deduced the statid halo mass using stellar
dynamics. Red circles shows the estimates based on weakddns(Mandelbaum et al.,
2006). For details on the data sets the reader is referreccaothaud et al. (2012) and
Blanton et al. (2008) and the original papers for the the data. We have also shown the
SHMR obtained by the technique of halo abundance matching{®i et al., 2010; Behroozi
et al., 2010; Leauthaud et al., 2012) using broken thick ¢rees. At the higher mass end
we note that our results agree with these works. To be mofgpee find a stellar to halo
mass slope af.26 as mentioned above, which is in agreement with the val2@deduced
in Behroozi et al. (2010). The slope at higher mass end depemdhe)M, — M, relation,
which is still being debated in the literature. However,reifeve use a different scaling like
M, x o*%% given by Tremaine et al. (2002), then the slope at high mad$enome$.33
which is also in agreement with observations and other works

The slope at low mass end as found by halo abundance matshimgghly~ 2.2, which
is larger tharb /3 from theoretical considerations in this work and otherg.(Bekel & Woo
2003). However, it is possible that other physical processe considered in our model can
explain the discrepancy. For exampley,ifdepends on halo mass, with the efficiency of SNe
energy injection being larger in low mass halos, the slopeshe reconciled.

If one naively compares the lines from our analytical caltioh with the observational
data points for individual galaxies then the plot seemsyssanething interesting. By look-
ing at the data for low to intermediate mass galaxies (Gebhh,&006; Springob et al., 2005;
Pizagno et al., 2007) one may infer that the data points Beesyatically below the results of
halo abundance matching. There are a lot of galaxies whieé loaver stellar content than
expected from halo abundance matching. However, if we coarthase with our lower three
red lines which are for starburst mode then these data pcamtée reconciled. As we have
already described, the outflow activity in low to intermedienass galaxies is governed by
SNe and starbursts. The two modes we are following in thiptelnaepresent two extreme
efficiencies of energy injection by SNe. Quiescent galalesours lie on one extreme and
the violent galaxy like M82 on the other extreme. All the g&a in low to intermediate halo
mass range{ 10'2°M,) are covered between these two extremes. Interestingligumé
5.4 also, most of the data points lie between the blue andmed bf our theoretical model
which represent the quiescent and starburst mode of engegfion respectively. Thisis not
mere a coincidence given the simplicity of our model and shthe importance of outflows
in shaping the galaxies.

In the above analysis, we have assumed that the relation giveuation (5.34), which
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is valid in the long time limit, gives the stellar mass in thegent day universe. In the hierar-
chical structure formation scenario where small halos ffarshand undergo periods of high
merger rates, this assumption may not be completely valiokvéver, recent observations
and theoretical works have shown that cosmic downsizingatgs the effects of hierarchi-
cal structure formation models, and that massive galaxebealieved to form stars at high
redshift after which they evolve passively.

Let us discuss our results and a few caveats as follows. We foawd that the NFW
gravity causes the outflows to stop inside virial radius tefimediate to high mass halos. In
Appendix C, we have shown the solutions for winds from NFWbhalterms of Mach num-
ber, where the closed contours show the importance of tlee hmabther words, gravitational
force of the halo causes the flow to stop inside the virialusdfi the energy injection from
SNe is not large. We note that a minimum value of SNe energciign so as to produce
v, ~ v, IS required for the gas to escape the galaxy. Our models iohnthie gas can not
escape the galaxy, provides a natural explanation for tieeirtigalactic material observed
inside the halos and also predict mild winds in quiescemtfstaning galaxies such as our
Galaxy.

When an AGN component is included, the contours in the Maahbar—radius plot
can open up for massive galaxie®/)( > 10'%5M.). This implies that AGN radiation can
become important in winds from massive galaxies (such a$3d),Ireaching a wind velocity
Of Vying = 1000 km s~1 . If we consider that neutral clouds are entrained in thisovifren
the speeds of the cold clouds can be at the most equalto This result is consistent with
observed outflow speeds in post-starburst galaxies, ULI&t@ESLow-ionization quasars at
intermediate to high redshifts (e.g. Tremonti et al., 2@&drm et al., 2011). We have derived
a general expression for the terminal speed of the wind fleenfNFW halo which can be
written asv,, = (402 +6(I" — 1)v2 — 402)'/2, whereu, is the contribution from SNe and the
term withv, stands for the momentum injection from AGN. According to cesults 1000
km s~ ! is an upper limit for the starburst driven winds while in ca$AGN driving which is
possible in high mass galaxies only, the velocities alwagsed 100km s~ ' . We note here
that this limit holds for large scale escaping outflows fogalaxies; however there may be
exceptional cases where the system is going through a pefrexdreme star formation, and
even without AGN, the wind speed at a few kpc can be more th@0 it s (Diamond-
Stanic et al., 2012). These episodic winds are likely to lneedrby the radiation from galaxy
as the galaxy becomes highly luminous due to extreme stanafbon (Sharma et al., 2011).

We have also shown that our results can explain the obsergads of stellar to halo
mass ratio. We find that the stellar mass scales with the haksras\/, oc M}-?¢ at the
higher mass end andl/, oc M}°" at the lower mass end. The slope at higher mass end
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agrees with the observations and abundance matchingge¥®t find that the large scatter
in observational data at the lower mass end is due to theHatthe efficiency of energy
injection is different in different galaxies. We would like mention here that we have used
a simple recipe to calculate the stellar mass corresporntdiagparticular halo mass using
the outputs from our wind models. Implementing feedbackpe=cfrom our wind models
into a full semi analytical work is beyond the scope of thisdst Also we have assumed
spherical symmetry for our calculation which is justifiechsmlering the large length scale
(~ 100 kpc) of these outflows. However in the vicinity of the disk &féect of gravity due
to a flattened system may be important as explored using @igglar model in Bardeen
& Berger (1978). We leave the problem of finding streamlimea cylindrical geometry for
these outflows to a future work.

We note that the reprocessed IR radiation is sufficient teedsirong outflows from high
mass galaxies and the resulting feedback is enough to expkimismatch between stellar
mass and halo mass at high mass end. This is important as edenoeto rely on UV
radiation which is supposed to be attenuated quickly wihemall distance from the center.

The injection of energy and mass in our model occurs in thérakeregion. However,
recent observations show the evidence of outflows emergorg individual star clusters
which may be situated away from the center of the galaxigs @hwartz et al., 2006). It
becomes however analytically complicated to take into astthe contribution from these
clusters and combine it with the effects of a central AGNs Ihowever clear that effects of
the feedback would be higher if mass and energy injectionirsceven beyond the central
region and from a large number of clusters.

The coupling between gas and dust is shown to be mediated asiaermum coupling.
However, one may question the survival of dust grains. FHentle refer to the observational
evidence for dust in the spectra of AGNs, which shows thatltist does survive and it may
do so by residing in small clumps around AGN as discussed ailkk& Begelman (1988).

We have considered momentum transfer from AGN radiatiorpiically thin limit. In
actual practice the situation can be quite complicated aanthy not be exactly accurate to
use a constarit. We hope that the simulations of winds with full radiatioartsfer cover-
ing from small to large length scales will be able to verife $§imple ideas presented here.
We have used a relation between the black hole mass and thenddter halo mass. We
have projected this relation backward in time using scaliogNFW parameters with red-
shift. There are observational evidence that black holesgsaat high redshifts are generally
higher, however it is hard to predict the correct scaling latk hole mass with redshift as
the formation and growth of black holes is a complicated [gnwlin itself.

We have not considered the effects of radiative cooling engresent work. Radiative
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cooling is important for the thermodynamics of the outfloleTCC85 solution with imple-
mentation of cooling has been studied in the past (SilicH.e804; Tenorio-Tagle et al.,
2007; Winsch et al., 2011; Silich et al., 2011). These d¢almns conclude that cooling (if
not catastrophic) does not affect the velocity and densitghuses the temperature to decay
more rapidly. Wind solutions with cooling can not be worked analytically for general
values of parameters and one has to use the numerical camputar particular cases. We
have discussed the hot phase of the outflows which is tractedahg analytic hydrodynam-
ics. However, in actual practice the physics of hot, cold amalecular phase of galactic
outflows might be tangled to each other . The study of all tleeseponents demands state
of the art numerical simulations.

To summarize, we have found analytical solutions for SNe&@dl driven winds from
realistic dark matter halo. Our results show that the twallf@ek processes operate effec-
tively at two ends of the galaxy luminosity function as exeelc The wind velocities for
escaping winds resulting from our calculations explaingiaety of observations. We find
that AGN can drive the gas to speegd000 km s . We find an intermediate mass range in
which the outflows can be highly suppressed and for thesahasses the gas can not escape
into the IGM. However, the gas is still driven to large distas within the halo. This result
explains the recent observations of gas reservoirs in olax@and other galaxies. Using the
results of our analytical models, we have derived a stell@ssro halo mass relation using
simple recipes. We find the derivéd,—1,, relation matches the results of observations and
halo abundance matching.
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Signature of Outflows in Strong Mgl
Absorbers in Quasar Sightlines

Based on :
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Absorption systems in the spectra of quasars are genemiyead as ‘intervening’ if the
velocity offset relative to quasar is greater than 5000 krh Fhese absorbers are classified
as strong systems if the equivalent width,§ is larger than 1.0, otherwise they are called
weak Mgll systems. It is generally believed that the strorgil dystems arise when the
quasar line of sight passes through a galaxy. This hyposhedihough commonly agreed
upon, has been tested to be true only for roughly 0 % cases, for which a quasar-galaxy
pair has been located. Another argument which is generaligrgto support the intervening
system hypothesis is the large velocity offsets of thesensgsrom quasar redshifts. How-
ever, one may argue that even such high velocities are gegéihe UV light from quasar
drives strong dusty outflows, whose velocity can be as lassge &. 1 c. In this situation the
Mgll systems may arise in these outflows. This interestisgubate may be tested by study-
ing the correlation between the quasar luminosity and tHeory offset of Mgll system. We
attempt this problem in the present chapter.

Main results

¢ We find that the velocity offsef}) of strong Mgl absorber systems in quasar spectrum
is correlated with the bolometric luminosity(,;) of the quasar and the median value
. . . . . . 1/4
of 5 for absorbers in a particular quasar luminosity bin, fobae scalingg oc L,/ .
e The existence of—L,,, correlation indicate that a significant fraction of abseostae
associated with the quasar themselves.

e We find that the correlatiof oc L}D{ff is also expected for the radiation (dust) driven
outflows from quasar, launched from the innermost dust gakvadius, which im-
plies that a significant fraction of Mg absorbers may arise in quasar radiation driven
outflows.

e We note that the traditional criteria to denote an absorb&associated’ ify < 0.0167,
may not be adequate in view of our result that even highelegadi3, all the way upto
0.4 are possible, if the Mig absorbers arise in radiation driven outflow associated with
the quasar.
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6.1 Introduction

The study of MgI absorption line systems in the spectra of quasars (QSOd)dwmsuse-
ful in detecting distant normal field galaxies situated el¢s the lines of sight of QSOs
(Bergeron & Boissé, 1991; Steidel et al., 1994). Converdily, all such absorbers with
velocity < 5000 km s~' relative to the background QSO are believed to be assodiated
the QSO itself (‘fassociated systems’) while those at lavgéwcity offset are believed to be
entirely independent of background QSO. This general behs questioned recently by the
puzzling results on the abundance of strongiMabsorber having equivalent widthi{)
more than 1.R} : (i) by Prochter et al. (2006b) where they founél time excess of strong
Mg 11 absorber towards the ray burst (GRB) sources relative to QSO sight lines (see also
Sudilovsky et al. 2007; Vergani et al. 2009; Tejos et al. 20@8@d (ii) by Bergeron et al.
(2011), where they found similar excess by a factor of abq@t& confidence) towards 45
blazar sight lines.

These counter-intuitive results, have inspired many @étidre explanations, such as dust
extinction towards QSO sight lines which can lower the apptincidence rate of absorbers,
or gravitational lensing which can increase it toward GREsZars, but none have been found
to explain the above discrepancies (Porciani et al., 20@Ehavd et al., 2008; Lawther et al.,
2012). However the blazars, as a class, are believed to katevistic jet pointed close to
our line of sight. Bergeron et al. (2011) speculated thahqumwverful jets in the blazars
are capable of sweeping sufficiently large column densdfegas (up t010*-10*cm=2))
and accelerating such clouds to velocities of orded.1c, thereby possibly accounting for
the excess of Mg absorption systems towards blazars in comparison with QEOwever,
such an excess in number of Mgabsorbers per unit redshif {//dz) was not confirmed
in the analysis of flat-spectrum radio quasars (FSRQs) bn@€BaGopal-Krishna (2012),
though FSRQs also possess powerful jets similar to blazdnish they reconciled with the
above hypothesis of relativistically ejected absorbirmydk, by suggesting that perhaps due
to larger angle from the line of sight (unlike blazars withadier angle), these accelerated
clouds might not intersect the line-of-sight in the case 8RBs. Using a larger sample
size of 95 GRB (including 12 GRB from Prochter et al. 2006h)¢c¢hiara et al. (2012) did
not confirm the original enhancement found in the case of GRRBrochter et al. (2006b),
though a signature of mild excess of about 1.5 times waseubfar strong Mgl absorption
systems, albeit with only a low confidence level of 90%.

The firm conclusion for jet based above excess still awaitréladistic numerical mod-
elling of jet-ambient gas interaction especially for theess seen towards blazars (about a
factor of 2) and CDQs (about 10%) (Joshi et al., 2013) vigsaaermal QSOs. However an
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alternative scenario, which could be more plausible, i or radiation driven outflows
(e.g. Scoville & Norman, 1995). For instance, if there is somontribution tod N/dz of
strong Mgl absorber from these outflows, then one will expect that AQNihosity should
have statistical correlation with the velocity offset o tstrong Mg! absorber relative to the
background AGN, which is usually defined by,

(1 + 2gs0)” = (1 + Zans)®
(14 2gs0)? + (1 + Zabs)?

B= (6.1)

wherefs = v/c, 24, IS the emission redshift of the QSO angl, is the absorption redshift
of the MgiI system.

In this chapter, we report a correlation between ghaf strong Mgil absorbers and the
bolometric luminosity [,1) of QSOs, using the strong Mgabsorber catalogue by Lawther
et al. (2012). We also propose an explanation for this caticed which draws upon radiation
driven outflow models. Ir36.2 we describe the sample of strong M@bsorbers and our
selection criteria. 11£6.3 we present our results and a theoretical model of radiatriven
outflows. In§6.4 we study the fractional number counts of absorbers, modsk our results
in §6.5.

6.2 Description of the sample

We consider a sample of 10367 strong M@bsorbers with equivalent width,.(2796) >

1A belonging to 9144 QSOs, from the recent compilation by lrewet al. (2012) based on
105783 QSOs of SDSS DR7 (Abazajian et al., 2009; Schneiddr, &@010). However, the
range of/3 varies withz,,, and the observed wavelength range of the spectrum. Therefo
in order to make the sample unbiased, firstly, we have coreide SDSS spectral range
from 4000-9000% which is a little narrower (by about 10@) than the actual one. We then
applied the following four selection filters.

1. We removed 773 broad absorption line (BAL) QSOs from owvalsample to avoid
any contamination in our analysis by BAL features which tesilted in the removal
of corresponding 931 strong Mgabsorbers.

2. For all the quasars having,, > 2.21024, the Mgil emission line will fall above
9000A, which is our conservative upper limit on wavelength of SD&pectrum. As
a result, SDSS spectra for such sources will not allow angatiein of strong Mg
doublet falling in the redshift range between 2.21024 updo Therefore to avoid this
observational bias, we excluded all sources havipg > 2.21024 from our sample,
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which resulted in the removal of 43 QSOs having 52 strong MapHorbers.

3. Another filter was applied to avoid the observational vagch might result from the
lower wavelength limit, viz 4008, in the SDSS spectra. In our analysis we aim to see
any correlation of luminosity with velocity offset up to ali®.4c. However for 4000
A considered as the conservative starting wavelength ofspactra,z,s, = 1.185
will be the minimum redshift, which allows us to detect Mgbsorber (if any) at
least up to a velocity offset df.4c. Therefore, we have removed 1461 sightlines with
Zgs0 < 1.185 having 1544 strong Mg absorbers in their spectra.

4. After applying the above mentioned redshift cuts, we afewith the systems with
2.21024 > 24, > 1.185. In these intermediate redshift systems, thealue can be
larger thar).4, which in principle may give rise to a bias of highewith increasing
Zqs0- HENCE We also remove all the absorbers witl 0.4 from the remaining sample
which amounts to exclusion of 1523 absorbers along 143%Igigh. One should note
that3 = 0.4 is chosen because if we kegpvalue less or greater than this, then the
sample is significantly reduced. Another motivation as Wwél clear in the coming
sections, is that ~ 0.4 is an upper limit for the radiation (dust) driven outflows.

Finally, we are left with 6317 strong Mg systems along 5682 QSOs in the selected red-
shift range. Bolometric luminosities for the QSOs in SDSS7/HRe calculated in a recent
study by Shen et al. (2011). We cross matched the QSOs in mplsawith the catalogue
described in Shen’s paper to obtain the bolometric lumigo¥ie then removed two more
absorbers whose QSO luminosities weré0% erg s't. Our final bias free sample consists
of 6315 strong Mgl systems with luminosity range0*° < L, < 1078 erg s!, with
redshift range .185 < z4, < 2.21024, and with the velocity offset range 6f< Sc < 0.4c.

In Figure 6.1, the blue dashed line represents the disioibwtf strong Mg Il absorbers in
SDSS-DR7, compiled by Lawther et al. (2012), and the bladkl $ioe is the final sample
selected for this study.

6.3 Correlation betweeng and Ly, : signature of radiation
driven outflow

In order to test the dependence®dn luminosity, we divide the sample in bins of bolomet-
ric luminosity. Most of the absorbers (5651 out of 6315) hgldo QSO sightlines having
a luminosity rangd 0*-10%" erg s*. We divide these 5651 systems into four bins of bolo-
metric luminosity. We also have two more bins, one fg, < 10%* erg s'!, and another
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Figure 6.1: Histograms withz,s, of the samples of strong Mg absorbers in SDSS-DR7. The blue dashed
line is for 10367 strong absorbers compiled by Lawther 28l12). The black solid line represents the sample
used in this work.

with Ly, > 10*7 erg s, the first having 27 systems and the second with 637 systems.

Consider the case of the absorbers being distributed uniyan the allowed range of
Zabs (Which in turn is determined from the allowed range®f then the median value ¢f
should be independent of,,. We can prove this statement as follows.

From equation (6.1), we know thatdepends on the difference @f+z4s,) and(1+zaps)-
For the maximum allowed value gf = 0.4 in this study, the lower limit ok, can be
obtained from equation (6.1), and can be written:g%: = (C' — 1) 4+ C'zys0 , WhereC'is a
constant whose value is 0.65 f8r= 0.4. The median value of absorber redshiff{’) is
the solution of following equation,

med

WYAN 1 [Fe dN
—dz = - —d 6.2
t/[min (iZ ® 2 “/CHEP Ciz ® ( )

abs

wheredN/dz is the number of Mg absorbers per unit redshift. If the absorbers are dis-
tributed uniformly and the quantityN/dz is constant, then from equation (6.2) we get,
zmed = ((C'— 1) 4 (C' + 1) 24s0) /2 - Using equation (6.1) we find the corresponding median
value of3, which isf,.q ~ 0.19 , independent of,s,. Hence, irrespective of the distribution
of z4 iN @ luminosity bin, the median value of beta should be sanal lmminosity bins.
Next we set out to test this hypothesis for our sample. Weutatie the median, the lower 25
percentile and the upper 25 percentile of data in each oflibeeamentioned six luminosity
bins. We plot the median with circles, and the upper and |gveecentiles 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 QSd Arof Mg 11 absorber. The circles
represent the median of data in a particular luminosity bhre upper and lower extreme of the dotted vertical
lines give the location of upper and lower 25 percentilepeesively. Sizes of the luminosity bins are shown
by the horizontal bars. The solid, dotted and dash-dottedripresent the theoretical model discussé@im.

Interestingly, we find that the median is not constant. The daows a correlation of
S with the Ly,. The 5651 absorbers systems withi'® < L., < 107 erg s'!, which
form the mainstay of the sample show a power law increase with 1, with a slope
of ~ 1/4. Increase of median value ¢f with the bolometric luminosity, proves that the
distribution in each bin is not uniform random. This fact isaahinted in the evolution of
dN/dz with z,,s (Zhu & Ménard, 2013). Using the evolution ihV/dz for our sample, we
evaluated the expected relation between the median valg@odl z.,, from equation (6.2).
We then converted it to the corresponding relation betweand luminosity by using the
best fit relation between,,, and luminosity, a characteristic of magnitude limited syrv
such as SDSS. We have shown this relation using a dashed iouirigure 6.2. Although
the dashed curve does show some evolution, but it is cleaittbannot fully explain the
observeds—L,,,; correlation.

Which physical processes can give rise to non-uniformitgtegorber distribution? The
evolution indN/dz has been attributed to the evolution in global star fornmataie (Zhu &
Ménard, 2013), although without any concrete evidencasoAbbservations of intervening
galaxies show a small covering fractiog (0.3) for strong Mgl absorbersiy/ > 1 A)
(Nielsen et al., 2012; Chen et al., 2010). Here we explorel@nnate based on outflows
associated with QSOs, which can give rise to non-uniformityncidence of absorbers. As
we explore in next section, the relatignx Léfj, 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 repeatedlyerdiure to explain the co-evolution
of black hole and bulge, to explain the accretion disc wirelg.(Proga et al., 2000) and
galactic winds (e.g. Murray et al., 2005; Sharma et al., 200/ consider here the radiation
driven outflows, where the photons scatter the dust graidsirapart their momentum to
dust. The dust in turn is collisionally coupled to the gag] #re momentum is uniformly
distributed to the dust and gas mixture. In this scenar@ntlotion of dust and gas mixture
surrounding the QSO is governed by the following equation,

dv kL M, d®
v_ fle GM, do (6.3)

’l}— _—
dr  4drnric 72 dr

where M, is the mass of the black bole addis the dark matter halo potential,, is the
integrated UV luminosity and for QSOs where the main emis&an high frequency bands,
luminosity over UV and EUV bands is roughly half of the boldneluminosity (L., ~
0.5Ly01)(Risaliti & Elvis, 2004). « is the frequency averaged opacity for the scattering and
absorption of UV photons by dust grains. For wavelength aftph< 0.3 zm, thex for a
dust and gas mixture ranges from 200 to as large as 108@¢r(Li & Draine, 2001). We
take a value: = 500 cn?g~!, which roughly serves as an average effective value of opaci
We can integrate equation (6.3) to obtain the following espron for velocity

o KLpol ( 1 1

4re \ry ;) —2(®(r) — ©(ry)) (6.4)

wherer, is the launching radius of the outflow. In the case of radrapoessure on dust

grains, the opacity is generally quite high and hence thatiad force is many times larger

than the gravity, therefore the gravitational force can bglected. At a large distance the
velocity attains the following terminal value

1/2
Voo (@) (6.5)

4mery

The base radius{) for launching these outflows is an important factor and dawt be
the minimum distance at which the dust grains can survivadi& on dust survival yield
following relation between the sublimation radius of thesdgrains and the luminosity of
the AGN (Mor & Netzer, 2012),

I 0.5
Ty = Rsub ~ Tp0 <$1) - (6.6)
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The value ofr, o is 0.5 pc for graphite grains antl3 pc for the silicate grains. Substituting
equation (6.6) into (6.5), we obtain the following expressior wind terminal speed,

1/2 I 1/4 ~1/2
Voo ~ 0.1c [ ——— bl 0 (6.7)
500 cm? g1 1046 erg s—1 0.5 pc

We note that this mechanism has previously been discussbd tontext of AGN outflows
by Scoville & Norman (1995). These authors also arrived railar terminal speed for a
radiation driven outflow.

We plot this scaling to compare with the observed correfatio3 and Ly, in Figure 6.2.
The dash-dotted, solid and dotted line in Figure 6.2 coordgor,, = 0.2,0.5,1.0 pc re-
spectively. We find that this simple theoretical model fiesdbserved correlation pretty well,
which indicates that the absorber systems are likely to thatian(dust) driven outflows.

One is then tempted to ask as to how these outflows fit in thecatidh schemes of AGN.
We find that the launching radius of the outflows is the duskisiation radius, which is also
the inner radius of the dusty torus. Inside the torus, the dtpns are quickly reprocessed
into IR. Although the IR photons can also drive outflows (Damidsyn et al., 2011; Sharma &
Nath, 2013), however the speeds would not be large, as theedRst scattering cross section
is more than an order of magnitude smaller than in UV. Oneiples&ay to reconcile this is
the following.

Let us suppose that the outflows do not plough through the bxady of the torus, but
consist of material lifted from the outer surface of the sor that case, as the torus material

is dilute and highly porous at its periphery, the UV photoas @ principle travel a large
distance without being attenuated and impart their monmemtugas and dust mixture lifted
from the outer surface of the torus. More specifically, ingleture presented in Elvis (2000),
the region which we are considering should take place betwee BAL envelope and the
torus. We note that, this scenario not only gives rise todargjocity outflows, but it may
also account for the small fractior£(0.1) of the QSOs which show these absorbers owing
to the fact that the region allowed for the outflows (periphafrthe torus) occupies a very
small fraction of the viewing angle.

6.4 Fractional number of absorbers

Next we study the dependence of fractional number countissaraers as a function of QSO
luminosity. We define the fractional number count as below,

Fractional b ¢ Number of absorbers found (6.8)
ractional number count = ) .
Number of QSOs searched in a bin
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Figure 6.3: The fractional number count as a function of bolometric lnosity is shown using filled diamonds,
and the size of the luminosity bin is shown by the horizontal Thin horizontal line represents the average
value of fractional number count over the entire sample.

Again, we limit our analysis to the spectral region with< 0.4. From our sample, as de-
scribed in§2, we can easily estimate the “Number of absorbers found’'given luminosity
bin, havings < 0.4. However to find the corresponding “Number of QSOs searche i
bin”, we also need to count those QSOs in the parent samplIBSEDR7 from which the
QSOs with Mgl absorbers are selected. We use the parent catalogue froneShle(2011)
of which the sample used in this work is a subset. Therefoeegstimate the “Number of
QSOs searched in a bin” by using non-BAL QSOs from Shen etdlZpcatalogue, which
satisfy the redshift criteria.185 < z., < 2.21, to ensure the absence of any observational
biases (se§2).

We plot the fractional number count as a function of lumitogl,) in Figure 6.3. The
values are shown by filled diamonds whose x-coordinate icéimere of each luminosity
bin. We also show the overall average of the sample using iadraal line, whose value
is ~ 0.1. We find that the fraction increases steeply with increa§&P luminosity and
reaches a maximum roughly fdr,,; ~ 10%" erg s''. For L, > 10%"5 erg s'! there is
a mild decrease with luminosity, however this decrease ¢edain as in this bin, we have
many apparently faint high redshift quasars, for which iigea to noise criterion removes
large chunks of spectra and the corresponding absorbetsa{@her pvt. comm.). We note
that the fractional number of absorbers has a contributiom foutflowing and intervening
systems, which we can not separate here.
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Figure 6.4: Ratio of absorbers with < 0.0167 to the total number of quasars in a particular luminosityisin
plotted against the bolometric luminosity. The horizomt@t represents the size of the luminosity bin.

6.5 Discussion

We would like to emphasize an important point in connectiotihwur result. There is a
general consensus in the literature, which goes alongnikedhiat the absorbers which have
B < 0.0167 (v < 5000 km s71), are associated with the QSO and witthigher than this
represent the intervening media. We stress here that fkesicn is not adequate to denote
the associated systems, and the true associated systemlscdraves > 0.0167, e.g. the
QSO driven high velocity outflows considered here.

To illustrate this, we plot in Figure 6.4, the ratio of absendbwiths < 0.0167 to the total
number of absorbers in a particular luminosity bin as a fiencdf bolometric luminosity.
One can clearly see that lowgrare possible for only lower luminosity, and vice versa.
Firstly, the figure once again confirms that the velocityetffsis correlated with luminosity,
because lows absorbers appear along the sightlines of low luminosity Q$&condly, this
plot, in conjunction with the correlation gf with L, shows that the systems which are
really ‘associated with the QSOs are spread all the way frgin= 0.0 to 0.4.

Our results call for a study to separate out the truly assedi@utflowing) systems and
the intervening ones. Of course, one tedious way to do thie iscate the intervening
galaxies in each quasar sightline, however yet another awaye through the detailed study
of line shapes and features arising from outflows and intemgematerial. We look forward
to such a study in the future.

There is another implication of the observed dependenceaofional number count of
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absorbers on QSO luminosity. If one considers a sample oftecpiar type of QSOs that
covers a restricted luminosity range, then the relative memof absorbers may differ for
different samples, and be different from the overall averal we consider the right side
of Figure 6.3, corresponding tb,,, > 10%6 erg/s, there the fractional number counts are
roughly double of the overall average value)aof. We note that recent observations-oft5
blazars (Bergeron et al., 2011) report an excess ofiMgsorbers relative to that in QSOs.
We speculate here that this excess may also arise from thé¢htsicthe blazar sample is
small, and it may be possible that it is biased towards highmemosity, where the fractional
number count is larger. It is possible that if the analysiegeated with a larger sample of
blazars then the excess may fade away. In fact, a similadusioo has been reached for a
sample of FSRQs andl56 lobe and core dominated QSOs where in both cases one finds
only a mild excess (Joshi et al., 2013). In this regard wegbaimecent paper by Cucchiara
et al. (2012) to the attention of the reader, regarding tlresex seen towards GRBs, where
with a large sample of GRBs the puzzle of Mgncidence rate indeed disappears, and one
does not find any excess.

In summary, we have found a correlation between the velafifget of strong Mgl
absorbers and the luminosity of QSOs. The velocity offse} bias 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 dependengeoofL,,,. These findings lead us
to conclude that a significant fraction of strong Mgbsorbers (even with > 5000 km s !

) along QSO sightlines may be the AGN driven outflows.
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Conclusion

In this thesis, we have studied galactic outflows analyiaatd using simulations, and ad-
dressed the issues such as the terminal speed of outflowstthieture and rotation, relative
importance of various driving mechanisms, effect of getianal field of the dark matter
halo and the effect of outflows on the stellar content of gakx\We have explored various
outflow driving mechanisms such as the radiation pressumdushgrains the ram pressure
due to hot wind, SNe energy injection, momentum injectioa ttuan AGN and the cosmic
rays. We have obtained interesting results which explaiargety of observations such as
(1) the correlation between the outflow speed and the galaxyleir speed,i() the relative
importance of ram and radiation pressure and the importahcesmic rays I{I) observed
threshold of star formation surface densitsfg ~ 0.1 Mg yr—! kpc2), for galaxies to
show signatures of outflowsiv() high velocity & 10° km s~ ) outflows because of the
presence of an AGNV( gas reservoirs in the halos of galaxies)(ratio of the stellar to
halo masses in galaxies. We also carry out an observatitu 81 which we search for a
correlation between the quasar luminosity and the velaafiiset of strong Mgl absorbers
in quasar spectra, and explore the possibility that a sggmfifraction of strong Mg ab-
sorbers may arise in outflows driven by quasar radiation. Waensarize 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 palgadaxy, driven by radiation
pressure on dust grains. We consider the gravitationaladidtron forces due to a disc with
surface brightness/ and surface mass densit{)( We have included the gravitational
effect of bulge and dark matter halo and found that the exégt®f such an outflow implies
a maximum value ofv 1072 for disc mass-to-light ratio. We have shown that the teriina

107
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wind speed is proportional to the disc rotation speed inithé& bf a cold gaseous outflow.
Using the mean opacity of dust grains and the evolution ofttirenosity of a simple stellar
population for instantaneous star formation, we have shbeatthe ratio of the wind terminal
speed {..) to the galaxy rotation speed.j is roughlyv.,/v. ~ 3. We note that the escape
speed in NFW halo is- 3v,, therefore, the radiation driven outflows can easily esdajoe
the IGM and enrich it with metals. Also the correlation of @ispeed with the galaxy circular
speed explains recent observations (Martin, 2005; Rup&le, &@005b). Interestingly, similar
correlations, when used in simulations of galaxy formatiera feedback recipe, can explain
the galaxy luminosity function as well as the enrichment®M (Oppenheimer & Davé,
2006).

Structure and Rotation of Radiation driven outflows

In chapter 3, we have carried out a 2-D hydrodynamic simuatif radiation driven galactic
wind from a disc with exponentially varying surface brigk$s and mass density, and total
mass of the galaxy similar to that of the Milky Way, using théD hydrodynamic code
developed by Ryu et al. (1993); Kang et al. (1994). We havertakto account the total
gravity of a galactic system that consists of a disc, a bulyt & dark matter halo. We
have found that the combined effect of gravity and radiapoessure from a realistic disc
drives the gas away to a distance~of5 kpc in ~ 37 Myr for typical galactic parameters.
The outflow speed increases rapidly with the disc Eddingtmametel’y(= «1/(2cGX))
for Iy, > 1.5, and the rotation speed of the outflowing gasSisi00 km s '. The wind
is confined in a cone which mostly consists of low angular maon@ gas lifted from the
central region.

Our results presented show that the outflowing gas withincdrgral region of a few
kpc tends to stay close to the pole, and does not move outwaidsise of its low angular
momentum. This makes the outflow somewhat collimated. Aigiooutflows driven by
SNe heated hot wind also produces a conical structure (egil€ et al., 2004) emanating
from a breakout point of the SN remnants, there is a qualéatifference between this case
and that of radiatively driven winds as presented in our fatmns. While it is the pressure
of the hot gas that expands gradually as it comes out of afitdatmosphere, in the case
of a radiation driven wind, it is the combination of mosthetlack of rotation and almost
vertical radiation driving force in the central region tipabduce the collimation effect. We
also note that the conical structure of rotation in the owifig gas is similar to the case
of outflow in M82 (Greve, 2004), where one observes a divergind rotating periphery of
conical outflow.

From our results of the exponential and rotating disc madeffind the wind comprising
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of low-angular momentum gas lifted from the disc. It is il&ing to note that recent simula-
tions of supernovae driven winds have also claimed a simekult (Governato et al., 2010).
Such loss of low angular momentum gas from the disc may haperitant implication for
the formation and evolution of the bulge, since the bulgeuteton is deficient in stars with
low specific angular momentum. Binney et al. (2001) have @péed that outflows from
disc that preferentially removes low angular momentum nedtenay resolve some discrep-
ancies between observed properties of disc and resultsxeémecal simulations.

Ram Pressure, Radiation Pressure and the Cosmic Ray Driving

To explore the relative importance of various driving maetbes, in chapter 4 we have
studied gaseous clumpy outflows from disc galaxies drivethbycombined effects of ram
pressure and radiation pressure. Taking into account enatgdue to disc, bulge and dark
matter halo, and assuming continuous star formation in itbe @ve have found that radi-
ation or ram pressure alone is not sufficient to drive escppiurflows, and both processes
contribute. In the parameter space of SFR and circular sfpekdf galaxies, the criteria for
the outflows can be written aSFR%4M® Jyr Vo110 K s > 1. We note that the above criteria
implies that the winds should occur in galaxies with stanfation surface density roughly
Ysrr 2 1071 Mg yr=! kpc2, and thus explain the observational threshold for winds. We
further note that the wind speed in galaxies with rotatioeesiy, < 200 km s ! and SFR

< 100 M, yr~1, has a larger contribution from ram pressure, and that in higss galax-
ies with large SFR, radiation from the disc has a greaterirotkiving galactic winds. For
galaxies satisfying our outflow criteria, the ratio of wingkgd to circular speed can be ap-

—1.25

0.4
i Vw 0.7 SFR Ve - . .
proximated as;* 10 [501\4@/”} [1201“/5] . This conclusion is borne out by

observations of galactic winds at low and high redshift alsd af the circumgalactic gas.

We also estimate the mass loading factors under the combiffiect of ram and radiation
pressure, and show that the ratio of mass loss rate to SF&sstalghly as;;lE;l, where
¥, is the gas column density in the disc. Interestingly, similewer law dependence has
also been found in simulations (Hopkins et al., 2012).

Our theoretical results explain the outflows in galaxiehwit > 100 km s~ , SFR> 1
M /yr, which covers the winds in dwarf starbursts, outflowsliRGs (Heckman et al., 2000)
and the recent observations of winds in ULIRGs (Martin, 20®&pke et al., 2005b; Weiner
et al., 2009). This implies that cold outflows from these g@lsa may indeed be driven by
the combined action of ram and radiation pressure. We natdftl faint dwarf galaxies in
which Martin (1998) and Schwartz & Martin (2004) have repdrbutflows, do not satisfy
our outflow criteria. In other words, if we calculate the diammation surface density for
these galaxies we find that only a few of them satiSfyg > 0.1 M, yr=! kpc=2, which
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is the observational criteria for winds. This points to sootieer process, responsible for
powering winds in these galaxies. One such process may beo#mic ray streaming and
resulting outflows (e.g. Ipavich, 1975; Samui et al., 2008]idJet al., 2012). Recently,
using SPH simulations of cosmic ray streaming, Uhlig et 201¢) have shown that this
mechanism can power the outflows in low SFR and low mass galgghown by two pink
bars in Fig. 4.6). We refer the reader to Appendix G of thisithevhere 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 analybt#iens for winds from galaxies
with NFW dark matter halo. We have considered winds drivertgrgy and mass injection
from multiple supernovae (SNe), as well as momentum imgectiue to radiation from a
central black hole. We have found that the wind dynamics dépen three velocity scales:
(a)v, ~ (F/2M)'/? describes the effect of starburst activity, wih )/ as energy and mass
injection rate in a central region of radiug (b) vo ~ (GM,/2R)'/? for the effect of a
central black hole of mask/, on gas at distanc& and (c)v, = (GM,/2Cr,)*/? which is
closely related to the circular speed)(for NFW halo, withr, as the halo scale radius add
is a function of halo concentration parameter. Our geragdlformalism, in which we treat
both energy and momentum injection from starbursts andtiadi from AGN, allowed us
to estimate the wind terminal speed as, = (4v? + 6(I" — 1)v? — 4v2)'/2, whereT is the
ratio of force due to radiation pressure to gravity of thet@rblack hole. Our dynamical
model also predicts the following: (a) winds from quiescstatr forming galaxies cannot
escape from0!° < M, < 10'%% M, galaxies, (b) circumgalactic gas at large distances
from galaxies should be present for galaxies in this masge,afc) for an escaping wind,
the wind speed in low to intermediate mass galaxies i$00—1000 km/s, consistent with
observed X-ray temperatures; (d) winds from massive gesaxith AGN at Eddington limit
have speedg 1000 km/s. We also determine the stellar to halo mass ratio ofxgeda
following the scheme suggested in Granato et al. (2004) gsmeShankar et al. 2006). In
this scenario, the rati2v? — (1 — I')v?] /v? dictates the amount of gas lost through winds.
Used in conjunction with an appropriate relation betwéénand M, and an appropriate
opacity of dust grains in infrared (K band), this ratio has #itractive property of being
minimum at a certain halo mass scald;,( ~ 1027125 M,,) that signifies the cross-over of
AGN domination in outflow properties from starburst actnat lower masses.

We note that the gravitational field of the dark matter halases the outflows to be con-
fined inside the virial radius, which can explain the obstovaof circumgalactic material
in galaxies (e.g. Tumlinson et al., 2011). Also recentlgréhhave been observational indi-
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cations that outflows with speeds greater than 1000 km/s myrdétra Luminous Infra Red
Galaxies (ULIRGS), are driven by AGN (Tremonti et al., 208Tyrm et al., 2011). There-
fore, we provide here a theoretical footing for this obstoral result. We also note that
although the UV radiation from AGN is attenuated, still tiie photons (which are avail-
able in plenty) can drive powerful outflows. Using our resule have calculated the stellar
to halo mass ratio of galaxies and found that stellar massnfssive galaxies scales as
M, o MP?5, and for low mass galaxied/, o M;Z’/?’. These scalings comply well with
the observations and the results of halo abundance mat@\iogter et al., 2010; Behroozi
et al., 2010; Leauthaud et al., 2012).

Signatures of Outflows in Strong Mgil Absorbers in Quasar Sightlines.

In chapter 6 we have carried out an observational study twexghe possibility that Mg
absorbers in quasar sightlines are associated with quadiation driven outflows. For this
we consider the quasar spectra in SDSS Data Release-7. Wedlithe data in the bins
of luminosity of quasars and studied the correlation betmesocity offset ¢ = v/c) of
strong absorption systems and the bolometric luminodity, () of quasars in SDSS-DRY7.
We have found that shows a power law increase with,, , with a slope of 1/4, and such
a scaling ofg with Ly, is expected for outflows driven by scattering of black hokiation
off dust grains and launched from the innermost dust survadius. Our results indicate
that a significant fraction of the strong Mgabsorbers, in the range Gf= 0.0-0.4 may be
associated with the quasars themselves.

It is generally believed that the absorbers which have 0.0167 (v < 5000 km s71), are
associated with the QSO and withhigher than this represent the intervening media (e.g.
Bergeron et al., 2011). We note that this criterion is notgadée to denote the associated
systems, and the true associated systems can als@hawe0167. The correlation off with
Ly, which we have found, shows that the systems which are readiyociated with the
QSOs are spread all the way frgin= 0.0 to 0.4. Our results call for a study to separate out
the truly associated (outflowing) systems and the intengeanes. A different way to do this
by locating the intervening galaxies in each quasar sigitlhowever yet another way can
be through detailed study of line shapes and features grisam outflows and intervening
material.
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A : Detailed derivation of wind equation

The continuity and momentum equations can be written as,

2 1dp ldv i

T 1
r + pdr + vdr  pv @)
dv A (1d 1dc? d®(r) 1w
Qoo G (o) _Lde gy 220w )
dr v \ pdr v dr dr P
wherec? = vp/p. Elimination of%% from above two equations yields,
dv  c2d lde? ¢ (2 1 ; dd
plo_edv  lde o (2 A rw o dO0) 3)
dr  ~yvdr ydr vy \r pv p dr
from energy equation (equation 5.3 in chapter 5) we have,
dv 1 dc? qg e(r)m dd(r)
o s 4 . kel 4
Vdr * vy—1dr pv pu /) dr @)
wheree(r) = % + fi- Elimination ofcil—‘j;z from equation (3) and (4) results in,
v? — 2 dv 2 m q  me(r dd(r mury
o= (———) —(r=1) (——J)Hm—#—— (5)
v T ropv pv pU T p

Next we introduce the Mach numbgn = v/c,. We can write the following relations,

e aead
dr 2 dr 2 dr
1dv 1 dM? deg

B 6
vdr 2M?2 dr +20? dr ©)
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Using these relations in equation (4) and (5) we obtain,

d2 Loy ) 4R i dM?
pv

s pv dr 2 T dr (7)
dr MT + %
and
C§M2 —1dM? +M2 —ldc? _ 2¢; me; (v =1)lg — re(r)] ) - d®(r) 1wy
2M? dr 2 dr r pU pv dr

Substituting equation (7) in (8) we get the following winduatjon,

2 2 . . 2 S
M2 -1 am? 2 (1+7M2)%_m(1+7M)<E/M_1>

M2 M2(y —=1)+2) dr 2pv e(r)

(9)

WhereM = mV andE = ¢V in which V is the volume of injection region. This is the
general form of wind equation with contributions from eneepnd 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 A@M wind. Apart from
the energy and mass injection we take) = 'GM,/r and®(r) = D (r) = —GM,/r.
From continuity equation we obtapr? = rir3 /3. If we substitute this in energy equation
we get,

d [mr® (v? c? mr® ((1—T)GM, mr® dOxpw Er?
i I s = 10
d’r’[?) <2+’y—1)}+ 3 ( 72 )+[3 dr } V (10)

In the subsonic regime << r,. Therefore in this case the third term on left hand side which
is due to NFW gravity can be neglected as shown below,

m'r’?’ dq)NFW
3 dr

~0
r<<rs
(11)

—mG My,r ( /T
3n(l+c¢)—c/(1+c)] \1+47r/rg

—In(1 + r/rs))

r<<rs
Neglecting the third term,ﬁ(g—”‘}g% ~ () and integrating from zero towe get,

7 () ()
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E
= €(r)= 7 (1-— T)vf? =202 — (1 - T)vf? (12)
where we have defined = /GM,/2R, a velocity characteristic of the black hole. At
r = R we obtain,
E 2 2 2 2
o(R) = T = (1= T =20} — (1 =)0} = 20y, (13)

whereuw.; is the velocity at the critical point. Substituting the eagsion fore(r) and also
f(r)=TGM,/r* & = &, + Pxrw, ¥ = 5/3 in wind equation (5.4) in chapter 5, we get,

M1 dMP 2 345MP (34 5M2) ( s )
1

M2(M2(2/3)+2) dr 7 r 2 _ (1;r)32v3
(1-T)R v? (1-T)Ruv2\ "
-2 ( r2 02 1= 2rv? (14

Solution of this equation gives the mach number and velanitthe subsonic part of the
wind. We can clearly see from the above equation thatfet 0, which will mean the AGN
is not present, the subsonic part of the CC85 solution isveyedl. Also, it is recovered
whenI' = 1 because in that case, although the AGN is present but theaacdits&diation
force cancels the inward gravitational force everywhere.

C : Mach number versus distance diagrams

Integral of the wind equation (5.26) for the winds with NF\agity and AGN is,

crit

+ 2(1-—- F)vfﬁ — (I)pr(r)} + const. (15)
r

In[o~(M)] =2In[r] + 2In [21}2 2(1 — I')vZ + Oxrw (R)

where2v?,, = 2v? — (1 — I')v2. The above equation can equivalently be written as,

S (M) ~ Ar? 202, —2(1 —T)o? (1 — E) — 202 (1 — M)} 2 (16)
r /TS
where the function.. (M) is defined ir§5.2.1 of chapter 5. In this equation,is an arbitrary
constant. If we sel = 1/(2Rv.;)?, then forr = R and M = 1, both LHS and RHS of the
above equation become equal to unity. In Figure C.1 we pttntours of Mach number
versus the radius for three galaxies with a different halgsasa. The upper three panels
represent the winds without AGN{ = 0) and the lower three show the effect of the AGN



115 D. : Effects of radiative cooling on steady winds

momentum injection. Different contours in each panel apond to a different value of the
constant A. The thick blue contour in each panel representdéise with a critical point at
r = R = 200 pc and this one is used in the main text to calculate wind ptigse

With the inclusion of NFW gravity one encounters a wall typeehaviour at a particular
r. Beyond the wall the real and physical solutions are nosibts. We would like to mention
here that similar situation arises in adiabatic solar wirabfem as shown in Panel (c), Figure
2 of Holzer & Axford (1970). The difference is that in the cadgalaxy, the energy injection
causes a critical point at R=200 pc. From Figure C.1 one cian the interesting fact that
the AGN is not able to drive the gas out of galaxy for internagelhalo masses but it can do
so in high mass galaxies.

710“
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log;o(M)
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Figure C.1: Mach number versus the radial distance for the winds from\aNa-Frenk-White dark matter
halo. Upper row of plots shows the effect of gravity of darkttmahalo only and the lower row takes into
account both the gravity due to halo and the effect of AGN. ffinee plots in each row are for three different
halo masses. X-axis in each plot extends upto virial radarsesponding to the halo mass used. The thick
blue line represlents the solution with a critical poinfiat 200 pc, which is used in this work. We have taken
vy = 180kms™ .

D : Effects of radiative cooling on steady winds

In this section we discuss the effect of radiation loss orvilmel properties. In chapter 5,
we have neglected the effect of radiative cooling, since kKnown that the energy loss due
to radiation is too small to affect the dynamics of winds (@es et al., 2009). However, the
cooling does effect the thermodynamics of the wind and caseateeper fall in temperature
as compared to the case with pure adiabatic expansion. Wetkighere with a simple case
of supersonic escaping wind without gravity for which thensviequation with radiative
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cooling can be written as,

M1 dM? 2 (p?/my)A(T) )
MM 2D dr T ey MY (17

where we have used= M /(4rwvr?), v = 5/3 andc? = 2¢(r)/(M? + 3). HereA(T) is the
cooling rate in erg crhs™!. We useA « 778 for the temperature rang®* < 7' < 107 and

A o< T? in the temperature randg®* < 7' < 10° (Sutherland & Dopita, 1993). To solve this
equation we have to supptyr) andM. The specific enthalpy(r) can be obtained from the
integral of energy equation which is given below,

2 2 E 1 r 2Ac00 E. ECOO
e(r) = . L dmr?)dr = = — 2o/ (r) (18)
2 y=1L M MJp my M M

Considering the fact that total energy extracted by coabvey the entire path iss 10% of
the adiabatic losses (Wang, 1995; Grimes et al., 2009) waeglectE,,,, as compared to
E. Thus we get(r) = E/M = 2v2. Using thee(r) and a value foll/ in equation (17), we
can solve it to obtain Mach number as a function of distance.

In Figure D.1 we plot the sound speed= [2¢(r)/(M? + 3)]'/? against r, where\
is obtained by solving equation (17). We have solved eqndfti@) for the quiescent mode
(v, = 180 km s~! ) and the starburst mode,(= 500 km s~ ). We have used/ ~ 1 M/yr
and10 Mg/yr as two fiducial value of mass loss rate for the quiescerdenamd the starburst
mode respectively. The sound speed corresponding to gueismde is shown by dotted line
and that of the starburst mode by a dashed line. We have algmshe corresponding cases
without cooling using a dash-dotted and a solid line. By carmg the sound speeds with
and without cooling, we find that the cooling causes the teatpee to decay more rapidly.
Also cooling is effective at smaller distances< 10 kpc) as the density and temperature
are larger there. Wind speed is given by the relation = v?/2 + ¢2/(y — 1) ~ 2v2. The
terminal wind speed is obtained by neglecting the sounddspéxéch is known to decrease
with distance. As the sound speed go down even more rapidigise of cooling, therefore
the wind speed beyond a distance of 10 kpc does not differ fharcase without cooling
and is given byp.ina ~ 2v,. We would like to mention here that qualitatively similardan
guantitatively more accurate result has also been obtdipeuimerically solving the basic
fluid equations with cooling for winds from individual stdusters in Silich et al. (2004) and
Tenorio-Tagle et al. (2007). Whether the flow undergoinggiage energy losses can achieve
a steady state, is also an interesting problem. We refeetier to Silich et al. (2003) where
the time dependent problem on a 2-D grid has been attemptethamresult 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 theesponding case without cooling.
The Solid and dash dotted lines represent the case withalingdfor quiescent mode and starburst mode
respectively. Their counterparts with cooling are showraghed and dotted lines.

E : Coupling between dust and gas

The equation for motion of dust grains acted upon by the tadidrom AGN can be written

as, )

dve,  ma QL
- - rag — Jgrav 19

dr 47r2c my Jaras = J (19)

The first term on right hand side is the force of radiation p&t mass in whichy),,, is the

Vdr

radiation pressure mean efficienayis the size andh, is the mass of the dust graif,,, iS
the gravitational force per unit mass afigh, is the drag force per unit mass due to the gas
through which the dust grains drift with a velocity,. This drag force is given by,

pra’v?

f drag — (20)

mq

wherep andv is the density and velocity of the gas, am@ndm, is the size and mass of
dust grain respectively. The drag force is a resistive fdocehe dust but the same drag
is a driving force for the gas. One has to simultaneouslyestitvs equation along with
the gas momentum equation to work out the general two phasetwte of dusty winds.
However many essential features can be captured in a sad ¢silgle fluid approximation’
where the dust grains attain a terminal drift speed and tiealove written dust momentum
equation need not be solved (Simis & Woitke, 2004). In thaeane can substitute the entire
radiation force into the gas momentum equation (Equati@rirbchapter 5) because of the
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exact momentum coupling between dust and gas. The dussgeieive momentum from
photons and then pass it on to gas particles via collisionshwiarther distribute it to other
gas particles (Gilman, 1972).

The momentum coupling and single fluid approximation candpdied if the dust grains
attain a terminal drift speed quickly within a short distarance they start moving. We
can now verify the validity of momentum coupling in the praeisease of a galactic outflow.
Assuming a typical density profile = p,(r,/r)* and neglecting the gravity in comparison
to strong forces of radiation and drag, we can integratetezuél 9) to obtain the following
solution (see also Gilman 1972),

e )] (21)

o

where the terminal drift speed of dust grainsis = [Q., L/4mcp,r?]V/? with | = p,rira®/mgy
andr, is the launching radius. How quickly the terminal drift sgégachieved, is decided by
the value of the multiplicative facta@? /r, in the exponential. We can estimédtfor a typical
grain size of).1 um, and a grain mass density§ cm3. The quantityy,r?> = pr R?, where

R = 200 pc is the critical pointpr = 1 m, cm~3 which is a typical value at the critical point
in our wind models. Using these values we get 5 kpc. If the dust grains are launched at
r, ~ 10 pc, we have!/r, ~ 10® and even for, = 100 pc we obtair2//r, ~ 10%. These
large values o®//r, imply that the grains attain drift speed within a short dis& Once
the grains are moving with the constant terminal drift speedi the entire radiation force is
transferred to the gas via the drag force. Therefore thet exapling between the dust and
the gas is justified. Thus the momentum injection force pérmass of the gas is simply
given by f(r) = namafaag/p- AS the dust is moving with a terminal speed, it implies that
the drag force is equal to the radiation force. Therefore avesubstitute the radiation force
in place of f4,,, to obtain the following expression for force on g&$:()),

f(r):nerpﬁaQ L L (22)

=K
p 4mrie dmrie

wherex is the opacity for a mixture of dust and gas.

F : Forces due to thin disc

Consider a razor thin disc in—p plane as illustrated in the Fig. F.1. Now our task is to
calculate the force components at any arbitrary point altbgedisc. Let us consider an
annulus of the disc betweeR and R’ + dR'. Area of the element at point R(, ¢, 0) is
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X

Figure F.1: Schematic diagram for the calculation of gravitationakfodue to disc in the:y-plane. We
consider an annulus in the disc and an element of area arbepdint P &', ¢, 0) in this annulus is considered
here in order to compute the force at a point B (, z) whose azimuthal coordinate = 0. The point
S (R’ cos ¢,0,0) is the foot of the perpendicular drawn from P on thaxis. The pointS’ (R’,0, z) is at
the intersection of the vertical from S (alonegxis) and the line parallel to-axis at heightz. The angle

£8Q8" = cos™! [%’—8}, andZPQN = cos™! {%}

R'dR'd¢’. Also take a field point QR, 0, z) above the disc plane. Azimuthal coordinate of
Q is taken to be zero for simplicity as we know that azimutbedé components are zero due
to symmetry. Let QN and QM be perpendiculars from Q onithed thez-axis, respectively.
So we can write,

PN? = (R— R'cos¢)*+ (R'sin¢’)?
PQ? = PN*+:22=R*+ 22+ R? —2RR cos ¢’
PN

The gravitational force due to the small area element at Re&ndy

GdmP
e pg

HereX(R’') is the surface density of the disc. Now theomponent of this force is

; dm = R'dR'd¢'S(R') (24)

2GS(R) RAR'dY
[R? + 22 + R? — 2RR’ cos ¢']3/?

z
ng,z — |ng‘@ - (25)
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To calculate the radial component, let PS be the perperatitndm P on the x-axis. Then,

we have sif SPN =38 = w. Component of the force along the direction of PN is

SN
dF,px = |dFy| sin ZPQN = |dF | 5 (26)

So the radial component is

SNPN  (R— R cos¢) GX(R) R'dR'd¢

ng,R = ng,PN sin ZSPN = ‘ng|ﬁ@ - [R2 + 224 R? — 2RR cos ¢/]3/2

(27)

G : Cosmic ray driven outflows

Cosmic Rays (CRs) can drive large-scale outflows if the aogdetween high energy parti-
cles and thermal gas is strong enough (Ipavich, 1975; Breiterdt et al., 1991; Zirakashvili
et al., 1996). CRs streaming along the magnetic field linegeAlfvén waves through the
‘streaming instability’ (Kulsrud & Pearce, 1969). Scaittgr off this wave field limits the
CRs’ bulk speed. These waves are then damped, effectivatgfarring CR energy and
momentum to the thermal gas; hence CRs exert a pressure tmetineal gas by means of
scattering off Alfvén waves.

Ipavich (1975) studied this process assuming a sphericahgy and assuming that the
waves were completely damped away. Later, Breitschwerdk ¢1991) considered a disc
geometry, and calculated the effect of both small and laegeping. They found solutions
of the outflow equations with realistie{ 1 M, yr=!) mass loss rates from Milky Way-
type galaxies. Such winds can explain the small gradientiiay emission as a function of
galacto-centric radius (Breitschwerdt et al., 2002). &rty, an outflow from the Milky Way
driven by CRs explains the observed synchrotron emissiavetisas the diffuse soft X-ray
emission towards the Galactic bulge region much betterdhstatic atmosphere model (Ev-
erett et al., 2010). CR-driven outflows, in which the CR flurd\pdes an additional source
of pressure on thermal gas, may eject substantial amougtsdfom spherically symmetric
galaxies with a mass outflow rate per unit SFR of ofd2r 0.5 for massive galaxies (Samui
et al., 2010). Hence, CR pressure in starburst galaxiesdywolide a negative feedback to
star formation and eventually limit the luminosity (Soeseét al., 2008). These general ideas
and analytical arguments have been supported by detaileeénzal simulations employing
an implementation of CR physics in theaAGGET code (Jubelgas et al., 2008). In this ap-
pendix we work out the dynamics of CR driven winds from gagaxiln the next section we
explain the CR streaming and then we present the calculatidrour results.
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Cosmic ray streaming

CR proton populations have several properties which coald palaxies to launch strong
winds. SNe are one of the main energy sources of the ISM anditiedbelieved to convert a
significant fraction {0% — 60%) of their energy into CRs via diffusive shock acceleration i
SN remnants (Kang & Jones, 2005; Helder et al., 2009). Alscetiergy loss times of CRs
are longer than the cooling time of thermal gas in ISM, andlyedl the energy lost by the
CR population through various mechanisms like particlgiga interactions, expansion, or
collective plasma effects (as discussed below) is deld/ay¢he thermal plasma. Therefore,
all energy dissipated by the CRs is gained by the thermair@aand hence, the CRs act as
the perfect mediators to transfer SN energy into the wintreg Compared to the thermal
wind driving process in which a significant fraction of energ lost via cooling, CRs can
energize the wind with a higher efficiency. The mobility of €£R travel rapidly along
already opened magnetic field lines and their ability to dig magnetic field lines via the
Parker instability make them perfect candidates for dg\galactic winds.

Mechanism for transport of CRs along the field lines is call&istreaming, as we ex-
plain below. The relativistic speed of the CRs is reducechayg thove along the magnetic
field lines due to ‘pitch angle scattering’. The scatterisgtiopizes the CRs pitch angles,
and thereby reduces the CR bulk speed. A resonant loop eparatvhich the scattering
CRs excite the Alfvén waves and the Alfvén waves act as atedi which take the energy
from CRs and transfer it to the plasma through their dampisgthe background field lines
are the constituents of the Alfvén waves in the plasmagfoes the scattered CRs should
be riding these Alfven waves, hence their effective stregnsipeed should be of the order
of the Alfvén velocity (e.g. Wentzel, 1968; Kulsrud & Peard 969; Kulsrud & Cesarsky,
1971, Kulsrud, 2005). However, if the plasma beta is largm ather words, if the Alfvén
velocity is strongly subsonic, then the Alfvén velocityncaot be the limiting velocity for
CRs. One can understand it as follows. If magnetic fields imecaeaker and weaker in an
otherwise unaltered plasma, the Alfvén velocity wouldraggh zero and any CR streaming,
which would be limited to this speed, would vanish. Howewaraker magnetic fields imply
weaker coupling of the CRs to the thermal plasma and thexeftuitively one would ex-
pect a larger, or at least constant transport velocity hatdependent of the magnetic field
strength in this limit.

Consequently, a number of authors have worked on the probfe@R streaming in
high-beta plasmas (e.g. Holman et al., 1979; Achterber§11Belice & Kulsrud, 2001),
and a summary of these works can be found in Enf3lin et al. (20lie consensus among
most of these authors seems to be that the limiting velosityfithe order of the sound
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speed in this situation. It can be several times this speeléss, depending on details of
the pre-existing wave level, thermal and CR energy densifignetic topology and so forth.
Here, we adopt the pragmatic approach of Enf3lin et al. (261 pprametrize our lack of
knowledge on the precise dependence of the magnitude oRlstr€aming speed,; on the
plasma parameters and assume that it is proportional tothédound speed, (vy; = A ),
with a proportionality constant > 1. Here we work with\ = 1.

Outflow dynamics and mass loading

We consider a steady state situation and assume that CRdiffuse out to a height above
the disc, comparable to the scale height. In spherical sytingmee can write the constant
gas mass flux per unit solid angle~= pur?, wherep is the gas mass density,is the gas
velocity, andr is the radial distance. The mass density of CRs,is fixed by the constant
CR flux per unit solid angle in the steady stajg:= pev7?, Wherev,, = v + ¢, is the CR
speed.

We will first calculate the terminal wind speed using the Betdih theorem, assuming
that there are streamlines along which gas can travel freaxdi$c to a large distance. In
the steady state and for spherical symmetry, the energytiequfar a compressible fluid is
given by

0 9 2 p
—— |purile+—+— || =v-F+V.Q, (28)
r2 or p

whereF and Q represent the external force and energy flux respectivaly/the specific
internal energy (thermodynamic energy per unit mass),fargithe pressure. Here we have
a two-component fluid composed of gas and CRs. Using an attiabdex ofy = 5/3 for
the gas, and writing? = vP/p, we have the following gas energy equation,

2 2
2o (5435 +0) = Aaroune 29)
where® is the gravitational potential anl,, _heating IS the heating term due to damping of
CR-excited Alfvén waves. We neglect radiative cooling thee tenuous gas in the wind in
this analytical treatment. Singe. < p, we can safely neglect the bulk kinetic energy of CRs
as well as their gravitational attraction. Thus, we haven@s = P../3 as an approximation
for ultra-high-energy particles),

Ger 0 Py
ﬁa (4/)_) = _Acrfheating- (30)

Here, the negative sign df.,_p.aiing iNdicates the loss of CR energy due to wave excitation.
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Adding these two equations and integrating, we get thevialig equation for total energy,

2 2
Py
q (% + 3%5 n <I>) F g = C, (31)

where(' is a constant. Equating the values at the base and the endrebenéine, we have

2 oo 4GP, 2 ¢y 4qnP,
’U;.o + (3 S,00 + Ger cr,oo) + (I)oo _ & + 3 s,b + GerLerb + qu ' (32)
2 2 qPcr 00 2 2 4Pcr,b

The sum of the terms inside the parenthesiy istimes the square of the effective combined
sound speed of gas and CRs at infinity, and is negligible foadiabatic flow. We are
therefore left with the following expression,

8(Jcrpcr,b

v; = vﬁ + 3C§b +
’ 4pPcr,b

—2A0, (33)
whereAd = ¢, — &,. We will use the gravitational potential due to a baryonimponent
and the dark matter halo, given by the Navarro-Frenk-WteW) profile (1996). Since
d,, = 0, we obtain

_ GMyy, GM,, In(1 +m,/rs)

AP
b In(l14¢)—c¢/(1+c¢) b

. (34)

Here, M, is the total baryonic mass ard, is the halo mass of a sphere enclosing a mean
density that is 200 times the critical density of the unieersis the characteristic radius of

the NFW profile, in which the density profile is given pyx (/7)™ (1+r/rs)~2. Assuming

the initial gas speed, ~ cs},, the gas sound speed at the base, we have an expression for the
wind speed at large distance which depends on the CR pananaete the gas sound speed

at the base. The condition for an unbound flow or the existeht®e wind is given by,

8(]crf)cr,b

403 b+
’ 4Pecr,b

> 9AD . (35)

Multiplying equation 33 with the mass density, we arrivenat énergy budget of the problem,

2 4 rPcr
Ewind = pv_oo = Egain — €loss — 2pC§,b + Pl z - pA@ ) (36)
2 Per,bq

which essentially states that the kinetic energy of the wartble difference between the total
energy gain and the loss of energy against gravity. In otloedsy we have,

Ewind qA(I)

=1- .
i 4 chcr
Egain QQCZ,b + qpcr b >

(37)
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Now, using the value of CR mass flux at the base= p., 72 (v, + csp) ~ 2peCs T, WE
have

16¢5 1,73 Per
Vi = 42, 4 2blhlab  ong (38)
’ q
win A
Semd g 22 (39)
5gain 2qCS7b + 8Cs,bTchr,b

In the next step, we want to assess how the wind speed andlozabsg factor scale with
the halo mass. To this end, we have to specify the wind pasmmethich should reflect
realistic ISM values. We use ;, = 10km s—!, corresponding to an ISM temperature of
10* K and assumé’,,;, = 107'2 erg cnm3. We adopt a mass flux (per unit solid angle) of
q=0.01/(4m) Mg yr 1.

Observationally the scaling of the base heighivith v., exhibits two regimes separated

by a characteristic circular velocity of, .y ~ 120 km s7L.

At v, S Ve eit, the vertical
scale height increases roughly as « v, according to two-dimensional fits of edge-on
exponential discs in th&;-band (Dalcanton et al., 2004)At v. 2 v. «it, the vertical scale
height appears to be independentgf This behaviour can be understood theoretically by
the following line of arguments. In shallow gravitationatgntials, as found in dwarfs, the
vertical scale height should scale with the system size celene assume the base height
to scale linearly with the disc sizR, (which is in turn a function of halo mass, according to
the model by Mo et al. 1998). When the gravitational potémtiahe halo is deep enough,
the vertical scale height is set by the effective equatiostate of the ISM. For an effective
equation of state oP.¢ o p?, the solution to the hydrostatic equation yields a verticalle
height that is independent of surface mass density (seg,Spgngel, 2000). Hence, the
vertical scale height should be set by radiative coolingi¢iibreaks the scale-invariance
of gravity seen in smaller systems) in halos heavy enoughuppart a thin disc, i.e., for
M > 10" M., corresponding te. = v. . This justifies a constant vertical scale height for
these large halos. For our main models, we adopt the follgpwimple prescription for the
base height;, = 0.5 Rq for r, < r, max. We note that these considerations are also reflected
in simulations by Uhlig et al. (2012), where identical treraate obtained for the dependence
of r, on halo mass ov..

In Fig. G.1, we show the wind speed at a large distance as ddaraf halo mass. This
Is compared with the rotation speed of the disc implied byhtile mass, adopting the model
of Mo et al. (1998). We note that in this model, the disc mads¢lvwe equate withd/y,,,)
is a factor~ 0.05 of the halo mass. In the low-mass regime, the wind speed i®zaippately
proportional to the circular speed.]. The wind speed increases with halo mass up to values,

*Here we assume that the base height of the wind scales witlettieal scale height of the disc.
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c=21, 1,=0.5 74, Tb max = 1 kpc T

=12, 1,=0.5 14, 'y max = 0.8 kpc :\ ’

- - —c=12, 1,=0.4 14
- = =12, n,=1 kpc

10 1 1 1
10 10° 10" 10"
M;, Mg

Figure G.1: Wind speed as a function of halo mass (equation (38)) for fioodels where we vary the input
parameters, namely the halo concentratigtihe constant of proportionality connecting the base heigland

disc scale heighkq, and the maximum base height.,.x. The blue dotted curve shows the rotation speed as
a function of halo mass.

Vwind = Voo ~ (200 — 350) km s~' , depending on the adopted parameters. At halo masses
aroundM;, ~ 10 M, the CR-driven wind is not any more powerful enough to ovareo
the increasing potential difference of the halo and cedseBig. G.1, we have also shown
two limiting cases. In the first case, shown by dash-dotteel kve adopt a constant and

find that the wind speed remains approximately constattkm s ) before going to zero

at a halo mass of- 10! M. In the second case (dashed line) we userthd?, scaling
without the cutoff value, .., Which causes the wind speed to be non-zero even for halo
masses);, > 10 M. We note that, in the model with the high concentratioa 21 in

Fig. G.1, the wind speed starts to flatten towards lower hasses. This is because for these
small halos the (constant) sound speed starts to dominateloe terms accounting for the
loss of energy against gravity and the energy gain due to @8spre in equation (38).

To estimate the mass loading of the wind, we first estimateifesurface densityy =
My/(wR3), where the disc mass &y = M,,/20. The gas surface density can be written
asXgs = fsas2a, Wheref,, is the gas mass fraction. To determine the SFR per unit area,
Ysrr, We use the Schmidt-Kennicutt relation (Kennicutt, 1998),

ESFR 2 1.4
=25x 1074 [ — 8% 40
Mg yr=! kpe—2 . (M@ yr—t pc?) (40)
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10 F T T T
F~ 1,=0.5 74, I'b,max=0.8 kpc, fgas=0.1

N - = =1,=0.5 74, Thmax=0.8 kpC, fras=0.01
10 F IR =04 1, fyas=0.1
. SNO0se - = - =04 1y, fras=0.01

10
=10
|
10}
My, M|

Figure G.2: Mass loading facton, = M/SFR (equations (41) and (42)) as a function of halo mass for two
values of the gas fractiong,., = 0.1 and0.01 (solid and dashed). The two different models both have a halo
concentratiore = 12, as in Fig. G.1. The analytic models compare well with theigalof the ‘peak mass
loading’ obtained from the simulations (Uhlig et al., 20%Bpwn by filled circles.

Hence the SFR of the disc is obtained as

SFR = 712 Sapn = 102 |25 x 104 JmZa )" 41
= TTry 2SFR — Ty .0 X W ( )
We can estimate the value of the mass flux per unit solid aggler escaping winds, by
requiring that,;,q = vesc = 3v. In the wind equation (equation (38)) and by inverting it to
getM = 4rq (for a spherical outflow):

2
64mes v Per b

- 42
902 + 208 — 42, (42)

We can divide this by the corresponding SFR of equation (dDbtain the mass loading
factorn = M/SFR. In Fig. G.2, we compare the estimated mass loading factthr tve
corresponding values obtained in the®&ET simulation (Uhlig et al., 2012). We find that
our simple theoretical estimate describes the mass loabisgrved in simulations reason-
ably well, which scales ag « M,L_Q/?’ o v; 2. Hence we conclude that the mass loading in
CR-driven winds scales with the halo mass in exactly the way is needed to explain the
low-mass end of luminosity function according to semi-gtiedl models of galaxy forma-
tion (Bower et al., 2012) and phenomenological simulatimdels (Puchwein & Springel,

2013).
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