Cycle of GAS and STARS in Galaxies

» (Gas is transformed into stars ISM New Stars

= Fach star burns H and He in its
nucleus and produces heavy
elements

= These elements are partially

returned into the interstellar
gas at the end of the star’s life

= Through winds and supernovae
explosions

= Some fraction of the metals are
locked into the remnant of the

star

Ejecta Dying stars

This implies that the chemical abundance of the gas
In a star-forming galaxy should evolve with time



Life-cycle of low mass stars like the sun

Life Cycle

ﬂf thE Sun Now Fac Blant Planetary Nebula
Gradual Warming

White Dwarf ...
| | | | | | | | | | | |

Birth 1 2 5 6 7 8 9 10 11 12 13 14

In Billions of Years (approx.) Sizes not drawn 1o scale




Mass ejection from stars like our sun
(Planetary Nebulae)




Element mass ejected [Mg]

AGB Winds Zinit = 0.019

Chemical composition of the Sun

Metals:

He
Metals 8. 9%
0.1%




Stages in star lifetime: ) ::> |:>

Yellow
star Red
giant Red
supergiant Massive red
supergiant
Supernova
Core Temperature: 1.5 X 107K 2 X 108K 7 X 108K 3 X 10°K 1% 10" K
Primary Nuclear *He +12C Proton-neutron Multiple neutron
Reaction: 'H fusion “He fusion 12C4 12C exchange reactions captures
12C g 160
Elements Formed: He C, O, Ne, Mg Na, Si, S, Ar, Ca Fe, Ni Elements with
Z>28

Stars more mass than 8 M (sun) end their lives in
supernova explosions



Element mass ejected [Mg]

Zinit — 0.02
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Modeling Chemical Evolution

To start, let’s consider the types of parameters and variables that
are involved. First, there are the global variables, all of which are
a function of time.

M,: Total mass of interstellar gas

M,: Total mass of stars

M,,: Total mass of stellar remnants (white dwarfs)
M;: Total mass of the system

E:  the rate of mass ejection from stars

E 7. the rate of metal ejection from stars

W: the creation rate of stellar remnants.

Naturally, My = M, + Ms + M,,.

v Rate of star formation
F & Rate of infall or outflow of material from the system
Z¢:  Metal abundance of the infall (or outflow) material

¢(m) : the Initial Mass Function



w: the mass of a stellar remnant

T.n. the main-sequence lifetime of a star

my,,. the turnoff mass of a population with ¢t = 7

p.. the stellar recyclable mass fraction that is converted to
metal z and then ejected into space.

Given the above variables and parameters, the goal is to derive
Z(t), the fraction of metals (individually, or as a group) in the

interstellar medium as a function of time.




Equations of Chemical Evolution

dM; = f Total mass conservation
dt
a M — Py — F - W Change in stellar mass
dt
dM .
9 — T 0y Change in gas mass
dt
d M., W Change in remnant mass
dt

Change in metals:

1) metals locked up in stars
d(Zd?g) = — 70U + EZ + fo 2) metals released by stars

3) metals added from/lost to the
external medium




Relate mass return , stellar remnant formation, and
metal input rates to stellar parameters

8= /mu(m — w)V(t — ) P(m, t — Ty )dm

Min

where m,, 1s the upper mass limit of the stellar IMF, and myy,, the
turnoff mass at time £. Similarly, the equation for the total mass

of remnants formed i1s
My

W = wU(t — 1) ¢(m,t — Ty )dm
Min
The equation for Ez 1s a bit more complicated since 1t has two
terms: one to represent the amount of new metals created by
a star and released during mass loss, and a second to represent
the amount of metals that were lost from the ISM when the star
formed, but are now being re-released. Mathematically, this is

Ez = mp,V(t — m) ¢(m,t — T )dm+

mtn

/mu (m—w—mp)Z(t — ™)V (t — ™) ¢(m, t — T )dm

mtn



Finally, there is an equation of metal conservation. If Z, is the
average metal content 1 stars, then the total amount of metals
produced in a galaxy over a Hubble time is

t My,
Z M. +ZM :/ mp,V(t' — 7 )o(m, t' — 7, )dt'dm
0

Min

SIMPLIFICATIONS

1) The initial mass function of stars is independent of time. That is,
@(m,t) = @(m).

2) Instantaneous recycling approximation. The approximation
says that there are two types of stars in a galaxy: those that
live forever, and those that evolve and die instantaneously.



Main Sequence Lifetimes

Spectral Mass Luminosity = Lifetime
Type (M/Mp) (L/Lo) (years)

05V 60 7.9 x 10° 5.5 x 10°
BOV 18 5.2 x 104 2.4 x 108
B5V 6 820 5.2 x 107
AOV 3 54 3.9 x 10®
FOV 1.5 6.5 1.8 x 10°
GOV 1.1 1.5 5.1 x 10°
KOV 0.8 0.42 1.4 x 1010
MO V 0.5 0.077 4.8 x 1010
M5 V 0.2 0.011 1.4 x 1011

Note the values. Stars with M > 5M,, evolve in less than 10°
years, which, in cosmological terms, is almost instantaneously. On
the other hand, stars with mass less than about 1M live forever.
So the approximation only breaks down for a limited mass range.



Let’s choose m; to be the dividing line between stars that live
forever, and stars that evolve instantaneously. Let’s also define
three new quantities, the Return fraction of gas

R= [ (m—w)(m)m

mi

the Baryonic Dark Matter fraction

D:/ weo(m)dm

and the Net Yield (of element ¢

Y; — / mp&
LY

It can then be shown that E = RHLIJ . W=DW, and

Ez = W{ZR+y.(1- R)}



With our two assumptions, the equations of chemical evolution
become

dM;
& !
dM
=(1-R-D)¥
Rk )
dMg
=—(1-R)¥
7 = W R
dMy
e DV
d(ZM
( - ) =—ZV(1-R)+y.VY(1 - R)+ Z;f
Noting that: |
d(ZMg)  dM, dz
& g g
Substituting for dM,/dt then yields
dz

o =41 - R) + (2 - 2)]



The Closed Box Model of Chemical Evolution

As an example of what a chemical evolution model can do, consider
a closed system, where all the material for current star formation
comes from mass lost by a previous generation of stars. In this
case, there is no infall, and, from (9.23),

MySL =y U(1 = R) + (Z; ~ 2)f = 3. ¥(1 ~ B)

In addition,

dM,
dt

=—(1-R)¥+f=—(1-R)



By dividing these two equations, we get

dZ [dM, . dZ
Mgdt/ dt _Mngg_ =

Since v, 1s a constant of stellar evolution

Z M

1 1 dM M
dZ:—yz/ g:>Z—Z—'yzln( gﬂ)
/Z{. My Mg o Mg,

90

where Zp and M,, represent the initial metallicity and gas mass
of the galaxy, and Z; and M,, represent those quantities today.

Note that if we measure gas-phase metallicities
and gas masses for galaxies, we can deduce the
net yield yz. If the closed box model is correct, y

should be constant, i.e. ATEST



Prediction 2: Metallicity distribution of stars

Define y=Mg/Mt, 0=Ms/Mt The closed-box solution gives:

41— Lo
Yz

In other words, as the system evolves, the gas fraction will decrease
exponentially with Z.

[t1 = [to €XP {—

Take the derivative with respect to Z:

iz~ gy, ¥ Y




dMs [dMg do (1-R—D)

dt dt — dp (i — R

S0

do  (dp do\ [ p 1—-R—D L — L

aZ —\az ) \dn) = \u, el g ’.
Finally, if we put this equation in terms of log Z, instead of Z!,
then

dﬂ'/ﬂ'l - ZD 1—-R-—D H1 Zl_ZD
dlogZ(lnlo)(yz)( R )(51 exp =

.

Predicted metallicity
distribution of stars




12 + log(O/H)

Measurement of gas-phase metallicities through nebular
emission lines
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The net yield decreases in low mass galaxies, indicating
LOSS OF METALS
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Metallicity distribution of bulge stars follows
prediction of closed-box model
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The metallicity distribution of disk stars does not....
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The observed differential metallicity distribution for stars in the solar neigh-
bourhood, compared with the Simple Model prediction for p = 0.010 and
Zy = Zz = 0.017. [The observed distribution uses data from Kotoneva et al.,
M.N.R.A.S., 336, 879, 2002, for stars in the Hipparcos Catalogue.]



Expulsion of gas and metals from galaxies occurs as a

result of a galactic wind powered by many
supernovae explosions




The Starburst Dwarf Galaxy NGC 3079

Red: Ha + [NII] from HST
Green: I-band image (HST)
Blue: X-ray emission




shock front




Summary phases of supernova shell
expansion

1.  Early phase [mmept < mejm):

Free expansion, R_=v_t

2. Sedov phase (Mgyep > Mejeer, and £ < 1,):

Energy conservation, R o 2
3. Radiative “snowplow™ phase (> t_;):
Momentum conservation, R « #1* or R o 27

4.  Merging phase:

The kinetic energy of the shell is now transferred to the ISM. Detailed calculations
show that the kinetic energy at fading is ~0.01 of the initial explosion energy

e e T T S —

! e S = - S ’
¢ In this scenario sy ~ 0.01; almost all SN energy is radiated away... ) K




Towards Higher Efficiency: Overlapping SNRs

In order to make SN feedback more efficient, one
needs to ensure that another SN goes off inside the
SNR before it has radiated away most of its energy.

3
This requires a SN rate )y =
9 {,'p _ il?rR%N tsN

If we set Rsnand fsn to be the shock radius and time at the onset of the radiative phase,
i.e., tsn = trod and Rsy = reh(trad), and we write X, = p, /2H with H the scale-height of the
disk then we obtain

. e H g
%, > 18.3 Mykpe 2yr~!
> SR ([I_E kpc) (ID_EMEI




SuperNova Feedback (ejection)

To get a feel for whether the energy input from SN can be relevant for galaxy
formation, imagine ejecting a mass M. ; from the center of a NFW dark matter halo.

This requires an energy injection of E; — j Me; EE;,: Using that, to a good
ey 'ﬂ; 1,_11

approximation, the escape velocity from the center of a NFW halo is V... ~
where c is the halo concentration parameter, we have that E; ~ 3 M V.2

The energy available from SN is | B, = sy ¢ M, Esn

J £gny = 1 = fraction of S energy available for feedback (not just radiated away) !
* ¢ ~10.01 M' 5 = number of SN produced per Solar mass of stars formed (IMF dependent) |

i Egpy =~ 10°! erg = energy supplied per' S

—

ﬂﬂfe' gyl -Lilr —
Equating Ej, to E.; we obtain that 'HJ ~ (0.4 egN (Ej (Q[H]kmfs)

Hence, even if 100% of the SN energy can be converted into kinetic energy of a
galactic wind, SN can only eject about 40% of the stellar mass from a MW-sized hale.

This efficiency increases with decreasing halo mass; for V5, = 50km /s we have

that M,; < 6.4 M.




Unobscured
Northern
X-Ray Lobe

Obscured
Northern
X-Ray Lobe

Uncbscured
Southern
X-Ray Lobe

NGC 1569
HI Disk

Observer
Sightline

-

Direct observational
evidence that these galactic

winds drive metals
out of the galaxy.



Cnt/s/keV

Through X-ray Spectroscopy: tight contraints on
relative abundances of elements produced in Type |l
supernova explosions.
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Temperature of hot gas around starburst galaxies constant as a
function of the mass/rotation speed of the galaxy: this means gas is
too hot to be in virial equilibrium with the dark matter halo of the
smaller systems ==> escape
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GALACTIC BRIDGES AND TAILS
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ABSTRACT

This paper argues that the bridges and tails seen in some multiple galaxies are just tidal relics
of close encounters. These consequences of the brief but violent tidal forces are here studied in a
deliberately simple-minded fashion: Each encounter is considered to involve only two galaxies and
to be roughly parabolic; each galaxy is idealized as just a disk of noninteracting test particles
which initially orbit a central mass point.

As shown here, the two-sided distortions provoked by gravity alone in such circumstances can
indeed evolve kinematically into some remarkably narrow and elongated features: (i) After a
relatively direct passage of a small companion, the outer portions of the primary disk often deform
both into a near-side spiral arm or “bridge™ extending toward this satellite, and into a far-side
“counterarm.” (ii) A similar encounter with an egual or more massive partner results typically in
a long and curving * tail"" of escaping debris from the far side of the victim disk, and in an avalanche
of near-side particles, most of which are captured by the satellite.

Besides extensive pictorial surveys of such tidal damage, this paper offers reconstructions of
the orbits and owrer shapes of four specific interacting pairs: Arp 2935, M31 + NGC 5195, NGC
4676, and NGC 4038/9. Those models can be found in the fairly self-explanatory figures 19, 21,
22, and 23.



Our present demonstrations will actually share the foremost of those tlaws with
Pfleiderer and Siedentopf: Like their examples, ours will be based exclusively on
restricted three-body computations performed with massless particles which we pre-
tend constitute the outer disks of pairwise interacting galaxies. By supposing these
elements of either disk to move simply under inverse-square forces from the two mass
points representing the bulk of each galaxy, we too will ignore all explicit self-gravity
of the disk material (except in certain final estimates). Obviously this 1s an important
sin of omission, and it is one which ought soon to be remedied, perhaps via some proper
N-bodv calculations,



Retrograde encounters produce only
small perturbations

Fig. 1.—A flat retrograde (i = 180°) parabolic passage of a companion of equal mass. The two
small filled circles denote test particles from the 0.6.R . ring which, in the absence of the encounter,
would have reached positions exactly to the right and left of the victim mass at ¢ = (. The filled
squares at f = 5 depict additional test particles from 0.7 Ry, (Note the partial interpenetrations of
the outermost rings at + = 4, 5, and 6, and their continuing oscillations thereafter.)



PROGRADE
ENCOUNTERS



A top (from N)

j]-_,.- B = -

ALL B3 SCALE

Fig. 21.—Model of the recent encounter between MS51 and NGC 5195, Shown here at r = 2.4
are three mutually orthogonal views of the consequences of a highly elliptic ¢ = 0.8 passage of a
supposedly disklike **5195." This satellite was chosen to be one-third as massive, and of exactly
0.7 times the linear dimensions, of the ** 5194 primary—which itself contains particles from initial



Fig. 22.—Model of NGC 4676. In this reconstruction, two equal disks of radius 0.7TR.Li.
experienced an ¢ = 0.6 elliptic encounter, having begun flat and circular at the time f = —=16.4
of the last apocenter. As viewed from either disk, the adopted node-to-peri angles w, = wg = — 9
were identical, but the inclinations differed considerablv: iy = 15°, iy = 60°. The resulting com-
posite object at r = 6.086 (cf. fig. 18) is shown projected onto the orbit plane in the upper diagram.
It is viewed nearly edge-on to the same—from A, = 180", B, = 85" or Ay = 0°, Bz = 160°—in the
lower diagram meant to simulate our actual view of that pair of galaxies. The filled and open
symbols distinguish particles onginally from disks A and B, respectively.



3,8 SCALE

Fi. 13.—5}'Inm&tric model of NGC 4038/9. Here two identical disks of radius 0.75R .0
suffered an ¢ = 0.5 encounter with orbit angles /s = /v = 60° and @ = wy = —30° that appeared
the same to both. The above all-inclusive views of the debris and remnants of these disks have been
drawn exactly normal and edge-on to the orbit plane; the latter viewing direction is itself 30°
from the line connecting the two pericenters. The viewing time is r = 15, or slightly past apocenter.
The filled and open symbols again disclose the original loyalties of thf-, various test particles.



¢) Stoking the Furnace?

We have deliberately not touched earlier on the well-known tendency (e.g., Burbidge
etal 1963 ; Zwicky 1967; Arp 196956, 19715b; Stockton 1972) of the various tails, plumes,
and mterga!actlc brldges to mvr.:slve at la:a,st one galaxy whose own color or spectrum
is often unusual, or which has a high surface brightness, or which contains oddly
placed absarbing material and/or emitting regions.

That such intrinsic evidence of ““strangeness’” has itself contributed to the reluctance
to regard the external features as tidal is both clear and understandable. Nevertheless
—well short of such really exotic cases as the *“jets” of M87 and 3C 273—we cannot
help feeling that even this share of reluctance has been somewhat excessive: Would
not the violent mechanical agitation of a close tidal encounter—let alone an actual

merger—already tend to bring deep into a galaxy a fairly sudden supply of fresh fuel
in the form of interstellar material, either from its own outlying disk or by accretion
from its partner ? And in a previously gas-poor system or nucleus, would not the rela-
tively mundane process of prolific star formation thereupon mimic much of the
““activity”’ that is observed ?



TRANSFORMATIONS OF GALAXIES. II. GASDYNAMICS IN MERGING DISK GALAXIES
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ABSTRACT

In mergers of disk galaxies, gas plays a role quite out of proportion to its relatively modest contribu-
tion to the total mass. To study this behavior, we have included gasdynamics in self-consistent simula-
tions of collisions between equal-mass disk galaxies. The large-scale dynamics of bridge- and tail-making,
orbit decay, and merging are not much altered by the inclusion of a gaseous component. However, tidal
forces during encounters cause otherwise stable disks to develop bars, and the gas in such barred disks,
subjected to strong gravitational torques, flows toward the central regions where it may fuel the
kiloparsec-scale starbursts sgen in some interacting disk systems. Similar torques on the gas during the
final stages of a collision yicld massive gas concentrations in the cores of merger remnants, which may
be plausibly identified with the molecular complexes seen in objects such as NGC 520 and Arp 220. This
result appears insensitive to the detailed microphysics of the gas, provided that radiative cooling is per-
mitted. The inflowing gas can dramatically alter the stellar morphology of a merger remnant, apparently
by deepening the potential well and thereby changing the boundaries between the major orbital families.



Fiir. 4—Ewalution of the stellar distribation in encommter A, projecisd onto the orbital plans The scale is the same azin Fig 3.
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Frr 3—Evolution of the gas distribation in encoanier A, projected omto the orbital plane. These frames are 3.6 « 14 length nmits; slapssd Sme is shown
4 the mpper right of sach. The first frame also shows the projected pambalic orbits of the infalling galaxies.



Do major mergers make elliptical
galaxies?
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