Leaky-Box Model

If there is an outflow of processed material, g(t), the conservation of mas
becomes

Veilleux

dMg/dt + dM,/dt + g(t) = 0 see MBW 1043

And the rate of change in the metal content of the gas mass
becomes

dM, /dt =y dM, /dt - Z dM, /dt - Zg

Example: Assume that the rate at which the gas flows out of the box is
proportional to the star formation rate:

- g(t)=cdM,/dt (cisa constant ¢ =0.01-95)
As before dZ /dt =y * (dM, /dt) / Mg(t)
Where dM, /dt =-[1 /(1+c)] dMg/dt
SodZ/dt=-[y/(1+c)] * [1 /Mg] * dM/dt

Integrating this equation, we get | Z(t) = Z(0) -[ y /(1+c)] * In[Mg(t) /Mg(

The only effect of an outflow is to reduce the yield to an effective yield =y /(1

Example: Accretion of pristine (metal-free) gas to the box

Since the gas accreted is pristine, the mass
of heavy elements produced in a SF episode is

dM, /dt = (y - Z) dM, / dt
However for the conservation of mass in the box
becomes:

dM,/dt = - dM,/dt + f{t)

Consider the simple case in which the mass in gas in the box
is constant. This implies then

dZ/dt=1/Ms* [(y - Z) dM/dt - Z dM/dt] = 1 /M, * [(y - Z) dM,/dt]
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Accreting-Box Model

Integrating and assuming that Z(0) = 0
Z=y[1-e Ms/Mg]
Therefore when M, >> M,, the metallicity Z ~ y
The mass in stars that are more metal-poor than Z is
My(<2Z)=-Mgin(1-2/y)
In this case, for M, ~ 10 M,,, / pc? and M, ~ 40 M
forZ=0.7Z

sun?

/pc?, and
theny ~ 0.71 Z_, . Thus the fraction of stars

sun*

more metal-poor than 0.25 Z_, is M(<0.25) /M(<0.7) ~ 10%,

sur

MBW pg 488-491
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e But simple closed-box model
works well for bulge of Milky
Way

¢ Qutflow and/or accretion is
needed to explain

. . . . . [y 017, 0.3, Z, 32,
Metallicity distribution of stars i P
in Milky Way disk 3 m
Mass-metallicity relation of 3 .
local star-forming galaxies -
Metallicity-radius relation in R R

: : 2/2, (Fe/H)
disk galaxies
Merger-induced starburst Galactic bulge metallicity
galaxies distributions of stars S&G fig
Mass-metallicity relation in 4.16- solid line is closed box
model

distant star-forming galaxies 26



Local Star-Forming Galaxies

® Mass-metallicity relation of galaxies favors leaky-box models:
— Vs = [1/(1+¢)] y — winds are more efficient at removing metals from
shallower galaxy potential wells (V_, < 150 km s)
Reminder: Z(t) = Z(0) -[ y /(1+c)] * In[Mg(t) /MgO)] (here assume Z(0) =0)

e e rrereee [l [T e [T Y AL RARRARE L

().45_ Metallicity from gas

2 + log(O/H)

10
log(M,)

(e.g., Garnett+02; Tremonti+04,; Kauffmann+03)

Veilleux

New Results !

see arXiv:1710.11135The mass-metallicity relations for gas and
stars in star-forming galaxies: strong outflow vs variable IMF , Lian

et al

Find that the dependence on metallicity vs stellar mass is
different for the gas vs stars

Lots of figures showing effects of outflow, inflow and varying IMF
Conclude "among all the parameters, only two scenarios fit the
observations,

— a strong metal outflow or

— a steep IMF slope at early times
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* The mass-weighted stellar
metallicities of star-
forming galaxies are much
lower than their gas
metallicities. With the
difference increasing at
low mass

* Since gas metallicity
represents the current
metal abundance of a

Metallicity

|
—

[ star

_gas /

Lian et al 2017

A

galaxy while stellar

metallicity carries ! ‘
information about metal P TR
enrichment at early 9 10 11

epochs, this result implies _. My /Mg
poc L Either enhanced metal outflows or steeper
significant metallicity

. : IMF slopes at early times, are required
evolution at early times at .
.. to match the observed difference
low metallicity

The LMC

« Distance 50kpc

« Dwarf Irregular
- Type Sm
 Tarantula Nebula

- active star
forming region

« Barred galaxy
. L=1.7x10° L

0] © Anglo-Australian Observatoty/Royal Observatéry, Edinburgh.



Xray: ROSAT

AAOQO optical 3 color

REN 3

IRAS (Jason Surace) Radio (RAIUB/MPIFR Bonn

Each image is about 4°.5 on a side (9x moon's diaméter)

Leading Arm w

e — .‘,
Q° y‘"' % f ‘

e Clues to the MC's

dynamics 3
- Common HI _
envelope >

- Stream of gas
“following” the
MC's

Mh;& N
Stream y\

Magellanic Bridge (Hindman 1961)
Magellanic Stream (Mathewson et al. 1974)
Leading Arm (Putman et al. 1998)

GALACTIC Longitude

(RAIUB/MPIFR Bonn)Briins et al
2004 A&A 32




Magellanic Clouds Magellanic stream
Satellites of the MW:

GALACTIC Longitude GALACTIC Longitude

potentially dynamics of i 2
SMC and LMC and the '
Magellanic stream can

allow detailed measurement

300

200

of mass of the MW. :
o 30a 3
¥ 5
¢ LMC D~50kpc M, ~ i LB g z
§ 100
0.6x10° Mg (~10% of L
15
Milky Way)Supernova rate 0
. 10
~0.2 of Milky Way
5 -300
0 —-400
GALACTIC Longitude GALACTIC Longitude
Figure 2: Single-dish observations of HI gas (Briins et al. 2004).
Left: HI column density map of the entire Magellanic System. Right: Mean velocity v(LSR), map of the entire Magellanic System.
Density if gas  velocity of gas
33
Magellanic Clouds

Position of LMC and SMC over time- in full
up dynamical model;
no merger with MW in 2 Gyrs

Distance of LMC and -
SMC from MW over time

rel. distance [kpc]

-3 -2 -1 0 1 2
time [Gyr]

Separation of LMC and
20 —wc| ] SMC over time

R.C. Bruens —
3 2 A 0 : 2

tima (o]

Gal. distance [kpc]
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Dynamical Friction MBW pg 553

When an object of mass Mg (hereafter the subject mass) moves through a
large collisionless system whose constituent particles (stars) have mass
m <<Mj, it experiences a drag force, called dynamical friction

This transfers energy and momentum from the subject mass to the field
particles.

Fundamentally this can be related to the fact that two-body encounters
cause particles to exchange energies in such a way that the system evolves
towards thermodynamic equilibrium.

Thus, in a system with multiple populations, each with a different particle
mass m;, two-body encounters drive the system towards equipartition, in
which the mean kinetic energy per particle is locally the same for each
population

Alternative explanation: moving subject mass perturbs the distribution of
field particles causing a trailing enhancement (or ‘wake’) and the
gravitational force of this wake on the subject mass Mg then slows it down.
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Why Important??

Accurate estimates of the effects of dynamical friction and the
timescale for an orbiting satellite to lose its energy and angular
momentum to merge with a host are essential for many astrophysical
problems.

the growth of galaxies depends on their dynamical evolution within
larger dark matter halos.

dynamical friction provides a critical link between dark matter halo
mergers and the galaxy mergers that determine, e.g., stellar masses,
supermassive black hole masses, galaxy colors, and galaxy
morphologies. (Boylan-Kolchin et al 2007)
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Analytic Estimate How Fast Will Local Group Merge?

e Dynamical friction (S+G 7.1.1, MBW sec 12.3 )-occurs when an object has a
relative velocity wrt to a "stationary set of masses". The moving stars are deflected
slightly, producing a higher density 'downstream'- producing a net drag on the

moving particles

* Net force =Mdv/dt~ C G>M?p/V? for particles of equal mass -so time to 'lose'
significant energy-timescale for dynamical friction-slower galaxy moves larger its

deacceleration
~V/(dv/dt)~V3/4nG*MmpInA

Chriction

M~10'" M;m=1M; p~3x10~* M/pc? Galactic density at distance of LMC (problem 7.6)

putting in typical values t

~3Gyrs

Dynamical Friction Derivation pg 285 S&G

* As M moves past it gets a change in
velocity in the perdicular direction

0V=2Gm/bV (in the limit that b
>>2G(M+m)/V?

momentum is conserved so change in
kinetic energy in the perpendicular
direction is

O(KE)=(M/2)(2Gm/bV)*+(m/2)(2GM/
bV)2=

2G*’mM(M+m)/b?V? (eq 7.5 S&G)

dV~[2G2m(M+m)/b*V3]

and dV/dt~4aG2(M+m)/V?]

notice that the smaller object acquires
the most energy which can only come
from the forward motion of galaxy M

<+ Vi —»

2@

b
* m
Fig 7.4 'Galaxies in the Universe' Sparke/Gallagher CUP 2007
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Dynamical Friction

However Chandrasekar's derivation
had to make certain assumptions
which turn out not be be completely
valid.

Recently Boylan-Kolchin et al (2007)
showed that the timescales were too
short by factors of 1.7-3.5 depending
on the ratio of the masses.
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Dynamical Friction-cont

basically this process allows the exchange of energy between a smaller 'incoming'
mass and the larger host galaxy
The smaller object acquires more energy

-removes energy from the directed motion small particles (e.g. stars) and transfers it
to random motion (heat) - incoming galaxy 'bloats' and it loses stars.

It is not identical to hydrodynamic drag in the low velocity limit the force is
~velocity, while in the high limit is goes as v

It is also independent of the mass of the particles but depends on their total density-
e.g. massive satellite slowed more quickly than a small one
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LMC Merger??

* Depends sensitively
on LMC orbit and
model of MW
potential-

At the Clouds’ present-
day position, a large
fraction of their
observed line of sight
and proper motion
speeds are due to the
Sun’ s motion around
the Galactic center!

* The origin of the
Magellanic Clouds is
still an enigma as they
are the only blue, gas-
rich irregulars in the

local group.

K. Johnston il

Need distance to conveff angular coord

to physical units
Forces on the MW

Magellanic Clouds S .

Dynamical friction vectors-

Space
Velocity

To get orbit of MCs need all 6
quantitites (x,y,z) and VyoVyoVy
measure positon and radial velocity easy MG
tangent velocity is hard

recent results differ a lo

v..v,.v,[km/s] 4144, -200+£31, 169+37

4

y

depend on shape and size of MW dark halo!



Distance to LMC [T sncomdincmditom N 2o |
e LMC is unique in that many Cepheids i \

can be detected in a galaxy with rather | Cepheid pertod luminosty |

. . . . (galactic w calibration)
different metallicity with no effect of (metalicity corrected) |
crowding

Renormalized
sum -

18.29 (20.03) mag

Other methods
18.44 (10.16) mag

distance modulus, p,(log d=1+u/5) pc
LMC p= 18.48 + 0.04 mag; (49.65 Kpc)

B T S
a2 | Galactic and LMC a7
Cepheid calibration %%7"6"

Relative probability

180 182 184 186 a8

1 085 e dedens

s ™ o oy LMC Distance Modulus

o JFagToo o | This sets the distance scale for
. ;ﬁb’gy § %o S8 o | comparison with Cepheids in nearby

» ’%M’Q"o e e e Cepyeids galaxies (Freedman+Madore 2010)
@
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Cosmic Rays and y-rays

* LMC and SMC are only galaxies,
other than MW, for which y-ray

-ray M f LM
images exist. y-ray Map o C

e Look for correlations with sites of CR R
acceleration and/or for dense gas -66/00

which the CRs interact with to 6700

-rays .

-68°00'

-69°00

-70°00'

Declination (J2000)

-71°00

-72°00'

7300

°
06"00™ 05"40™ 05"20™ 05"00™ 04"40™
Right Ascension (J2000)
counts deg®

50 100 150 200 250 300

y-ray intensity scale



LMC Cosmic Rays and y-rays
y-ray emission correlates with massive star forming regions and not with the gas
distribution (simulated images if the y-ray emission was distributed like the source)
e Compactness of emission regions suggests little CR diffusion

* 30 Doradus star forming region is a bright source of gamma rays and very likely a
cosmic-ray accelerator

Decination (J2000)
2
8

05"e0™ 05°20" 0500

Right Ascansion (J2000)
aourts dog *
-

-y -
060" 0s'e0”  05°20"  0s'00” 06'00" 04'40" 0600 080"  05°20"  0s'00”
Right Ascansion (J2000)

Right Ascansion (J2000)
courts 0og * counts dog *
-_— -y o -— I
- - - — 1 | — I‘ |
0 » “ ) 0 ® 100 "0 200 %0

0e’a0”

* Neutral & molecular hydrogen templates poorly fit the data

+ lonized hydrogen template provides best fit Dermer 2011 45

y-ray emission poorly correlated with dense gas (!)

Dwart Galaxies s D S o o Ll
» As we will discuss later one of the e | 6y | @ G i

: . p) | 0 || Mo/Le)
main problems with the present cold con 22210 523 ssiase Tsonm
dark matter (CDM) paradigm for Draco... 18+08 | 72+3 498 + 47 245+ 155
galaxy formation is the relative Ursa Minor... | 20+09 | 64+5 | 628+74 || 9543
absence of small, low mass galaxies Sextans.. | 4.1+19 |83+9 | 31021028 || 107 +72

It is only in the local group that such
systems can be discovered and studied

they are the most dark matter
dominated of all objects- and the
smallest and least luminous galaxies
known.

very faint and very low surface
brightness, very hard to find (Walker
2012).

Many people believe that some dwarf

spheroidals are 'relics' of the early
universe

My [mag]

1940

1960

1980

Year of Discovery

2000
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Number of Satellites around MW- Observed vs
Theoretical

Number of satellites vs their circular
velocity: theory - between black lines

red points observed objects (Klypin 2010)-  '®f
order of magnitude discrepancy at low

masses?

N Viir)

Odd property that satellites all have same
mass, but 10° range in luminosity

Ultra-faint satellites Classical satellites

10% E—rrrrrm e

Dra_car

X Uma II Leo 1 _ ]
@|v % #Cv ”lima i % Cv lﬁ LF Scl § snx 1E

Mass within 300 parsecs [Msun]

1
107 E %Leo o Umi IU” uf E 10 20 30 40 50 60 70
E Seg 1 Com Her Sex Veiee (km/s)
w1
6 |- —
10 Leo IV 3
FETERTTIT TR TTTT AR TTTT BTN BT RTTTT| N
102 108 104 108 10¢ 107
Luminosity [Lsun] 47

Where are the Satellites of MW-Bullock 2010

Know satellites of MW within 100kpc-left

Right- CDM simulation of LG/ MW halo- cones show where sample of dwarfs
is complete-SDSS data, only in the north

Ursa Minor
Draco

Coma > wi ‘ :

-
¥ UM
Seguc e ‘s[ —

Milky Way

100 kpe




Dwarfs
* Have VERY low internal velocity dispersion~10km/sec, r.,,,~50-1000pc

* IF mass follows light- very dark matter dominated- but precise mass is not well
determined even with ~3000 stars individually measured (!)

scale

e - using Jeans method: all solutions (different
shapes of the potential or orbital distributions) are ok

Sculptor
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Dwarfs Have Very High Mass to Light Ratios

* The lower the absolute luminosity of local group dwarfs the

higher the mass to light ratio (McConnachie 2012)
:: "Boot ' T T Tt
Since we - F o Galactic sub—group ® ]
<° i Andromeda sub—group m ]
know a lot <L 1 Seqg UMdjlg Uloj ocal Group A
~ L )
about the =8 L ]
c 2F AXill 3
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Dwarfs

* They are detected as overdensities of intrinsically

bright red giant stars

which detectable as point sources with my<21 mag
out to distances of ~0.5 Mpc- (modern large
telescopes can reach 4 mags fainter; - since red
giants have a 'unique' luminosity can use them as
distance selector)

 the ‘ultrafaint’ satellites discovered with SDSS
data are not apparent to the eye, even in deep
images- detected by correlating spatial
overdensities with overdensities in color-
magnitude space

» the low surface densities of dSphs imply internal
relaxation timescales of >103 Hubble times

27 are known in M31

Dec [deg]

14.4

14.2

14.0 [s

Image of Boo I

5.

2104 210.2 210.0 209.8 209.6
RA [deg]
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Local Group Summary

e What is important

— local group enables detailed studies of objects which might be representative of
the rest of the universe (e.g CMDs of individual stars to get SF history, spectra

of stars to get metallicity, origin of cosmic rays etc)

» wide variety of objects -2 giant spirals, lots of dwarfs

— chemical composition of other galaxies in local group (focused on dwarfs and
satellites of the MW) similar in gross terms, different in detail; indications of
non-gravitational effects (winds); went thru 'closed box' and 'leaky box'
approximations, allowed analytic estimate of chemical abundance distribution

and its evolution.

— dynamics of satellites of MW (Magellanic clouds) clues to their formation,

history and amount of dark matter

* dwarfs are the most dark matter dominated galaxies we know of- closeness

allows detailed analysis.

* dwarf galaxy 'problem' are there enough low mass dwarfs around MW ??-
leads to discussion later in class about galaxy formation and Cold dark

matter models
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