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Chemical evolution of  the thin disk
 More on the thick disk



The total density and surface density of the disk near the sun

This is called the Oort limit (see Oort 1960 for a more recent
reference).

The idea is to use the vertical density distribution ρ(z) and vertical
velocity distribution f(W) of a tracer sample of stars to derive
dynamically the total (luminous + dark) density and surface density of
the disk, e.g. via Jeans equation.  Is there more matter in the disk that
we can account for from census of visible objects ?

The tracer sample must be in equilibrium so the stars need to be older
than a few Gyr.  The last few estimates have used K dwarfs and K
giants - probably OK but they do include stars of all ages, some of
which may not yet be phase-mixed.

Data so far is for the solar neighborhood, but Gaia will enable
estimates of the disk density and surface density away from the sun.



Kuijken & Gilmore (1989, 1991)

For a flat rotation curve and at small z, the Jeans equation +
Poisson’s equation are

The density of matter near the sun is about 0.10 M pc-3, all of
which can be accounted for.

The surface density for |z| < 1.1 kpc is 71 ± 6 M pc-3, of which about
48 ± 9 M pc-3 is due to the stellar component and the rest is
probably due to the dark halo.



Zhang et al (2013) - SEGUE K dwarfs

Jeans analysis: results are consistent with Kuijken & Gilmore.

They find the surface density for |z| < 1.0 kpc is 67 ± 6 M pc-2,
of which the stars provide 42 ± 5 M pc-2  and the cold gas
provides about 13 M pc-2. The rest comes from the dark halo.
The halo density near the sun is about 0.0065  M pc-3.



But is the disk in equilibrium ?

Indications of a local oscillation of the disk, from RAVE (Williams et al
2013, LAMOST and SDSS (Widrow et al 2012).

RAVE:  Mean z-motion for 72,000
red clump giants: apparent
pattern of compression
and rarefaction. Could be due to
spiral arm or impact of a subhalo
on the nearby disk



The Chemical Evolution of the Disk



The abundance gradient in the disk
(eg galactic cepheids: Luck & Lambert 2011)

 Gradient is about -0.06 dex kpc -1



Haywood 2008

Age Metallicity
Relation near sun

Wylie de Boer & KCF 2012 (GCS subgiants)

The mean abundance
of the oldest thin disk
stars is about -0.2

Note the large spread in
abundance for the thin
disk stars with
3 < age < 10 Gyr.

Radial migration of
metal rich stars from
inner galaxy ?

Gently declining AMR with
spread of about 0.8 dex in
[M/H]  for 3 < age < 10 Gyr
(M/H] error ~ 0.07)



thick disk

thin disk

what is this ?

Metal rich stars of the inner Galaxy are known to be α-enhanced: see lecture on
the bulge. These metal-rich α-enhanced nearby stars stars may have migrated
radially from the inner Galaxy, perhaps during the formation of the bar/bulge.



Bensby et al 2011

The [α/Fe] - [Fe/H] distribution for giants in inner and 
outer Galaxy and near sun

In the inner Galaxy, most stars are in the α-enhanced sequence
In the outer Galaxy, few stars are in this sequence

Suggests thick disk does not extend much beyond the solar radius 



Yong et al 2012

The abundance gradient in the outer Galaxy from clusters and
giants - gradient flattens at [Fe/H] ~ -0.4 for RGC > 15 kpc
No significant dependence of gradient on cluster age, though
gradient for the clusters older that 2.5 Gyr is a bit steeper than
for the cepheids. Consistent with inside-out disk formation.
The α-enhancement of outer clusters similar to that for outer
stars (i.e. like thin disk sequence).



constant EJ

Diversion to radial migration (Sellwood & Binney 2002)

Stars in disk galaxies can migrate in radius under the torque of a passing
transient spiral wave. Stars moving at similar angular velocity to the spiral
are flipped from one near-circular orbit to another: inwards or outwards.
The spiral wave must be transient, not steady - otherwise the stars conserve
their stellar Jacobi integrals, and can only move along a line in the
Lindblad (E - Lz ) diagram.  (The Jacobi integral is EJ = E - Ω Lz )
So far, radial migration is a theoretical concept:  we do not know how
important it is in reality.  It could move metal-rich stars from the inner
galaxy out to the outer galaxy, and invert the abundance gradient.

  

z



Roskar et al (2008)

Simulation of star formation in a disk galaxy, starting with gas settling in a dark
halo.  See how stars are radially redistributed via spiral arm interaction into outer
(break) region of truncated disk. Stars that form within R = 10 kpc end up at
R =  10-14 kpc, but can also end up at R < 10 kpc.   The stars are affected by
spiral waves that have a similar angular velocity to the stars themselves.

break



NGC 300: a pure disk galaxy



Is this reversal related
to the radial migration

phenomenon ?
Is it, and the lack of

truncation of the disk,
due to strong radial
mixing of stars from

the inner disk ?

Vlajic et al 2008

Roskar et al 2008

Reversal of
abundance
gradient in
NGC 300

NGC 300



NGC 4762 - a disk galaxy with a bright thick disk (Tsikoudi 1980)

Most spirals (including our Galaxy) have a second thicker disk 
component, believed to be the early thin disk heated by an 
accretion event.  In some galaxies, it is easily seen :

The thin disk The thick disk

The Galactic Thick Disk



Recall what we know about the thick disk in our Galaxy

Our Galaxy has a significant thick disk

• its scaleheight is about 1000 pc, compared to 300 pc for
the thin disk and its velocity dispersion is about 40 km/s
compared to 20 km/s for the thin disk near the sun

• its surface  brightness is about 10% of the thin disk’s.

• it rotates slightly slower than the thin disk

• its stars are older than 10 Gyr,  and are

•  more metal poor than the thin disk and

• alpha-enriched so its star formation was rapid

•  appears to be a discrete component



Rotational velocity of nearby stars relative to the  sun vs [m/H]
(V = -232 km/s corresponds to zero angular momentum)

rapidly
rotating
disk &

thick disk

slowly
rotating 

halo
|Zmax| < 2 kpc

(Carney et al 1990)



Fuhrmann 2008

-1.0                                  -0.5                                  0.0                                         0.5

Mg enrichment in the thick disk: thick disk appears distinct  

thick disk

thin disk



The old thick disk  is a very significant component
for studying Galaxy formation,

because it presents a
kinematically and chemically recognizable

relic of the early Galactic disk.



The Yoachim & Dalcanton survey of thick disks in 34 edge-on spirals

Analysis of BRK images for thin/thick disk structure.
All show evidence for two-disk structure:  thick disk has scaleheight
~ 2.5 x larger than thin disk, scale length ~ 1.25 x larger

Yoachim & Dalcanton 2006



Yoachim & Dalcanton 2006

Mass ratio of thick disk to thin disk

The fraction of stellar mass in the thick disk is typically small
(~ 10-15%) in large galaxies like the MW but rises to ~ 50% in
smaller disk systems



Kinematics and structure of the MW thick disk

rotational lag ~ 30 km/s  near the sun (Chiba & Beers 2000) and
increases by about 30 km s-1 kpc-1 with height above the plane
(Girard et al 2006)

velocity dispersion in (U,V,W) = (46, 50, 35) km/s

radial scale length = 3.5 to 4.5 kpc : uncertain

scale height from star counts = 800 to 1200 pc (thin disk ~ 300 pc)
density = 5 to 20% of the local thin disk



Ivezic et al 2008

see the thick disk
up to z ~ 4 kpc:
[Fe/H] between
-0.5 and -1.0

-2.0             -1.5           -1.0            -0.5            0.0
                            [Fe/H]

current opinion is
that the thick disk
itself shows no
vertical abundance
gradient
(eg Gilmore et al 1995)



Veltz et al (2008) analysed the kinematics of stars near the
Galactic poles in terms of components of different σW.
The figure shows the weights of the components: the
kinematically distinct thin and thick disks and the halo are
evident.

thin disk 225 pc

thick disk 1048 pc

halo



How do thick disks form ?
(relatively metal-deficient,  old, thick and alpha-enhanced)

•  a normal part of early disk settling : energetic early
   star forming events, eg gas-rich merger (Samland et al  2003,
   Brook et al 2004)

•  accretion debris and heating of early thin disk by accretion (e.g. Abadi
    et al 2003, Walker et al 1996, Bekki & KF 2003 ). The accreted
   galaxies that built up the thick disk of the Galaxy would need to be
   more massive than the SMC to get the right mean [Fe/H] abundance
   (~ - 0.7)

The possible discovery of a counter-rotating thick disk (Yoachim &
Dalcanton 2008) would favor this mechanism.   More data on rotation
of other thick disks would be valuable (but difficult)



•   gas-rich merger (Brook et al 2004, 2005ff ) early in the
    galaxy formation process.  The thick disk stars are born
    in-situ.

•  radial migration (stars on more energetic orbits migrate out
    from the inner galaxy to form a thick disk at larger radii
    where the potential gradient is weaker (Schönrich & Binney
    2009)

•  early thin disk, heated by accretion events - eg the ω Cen
   accretion event (Quinn & Goodman 1986, Bekki & KF 2003).
   Thin disk formation begins early, at z = 2 to 3.  Partly
   disrupted during active merger epoch which heats it into thick
   disk observed now.  The rest of  the gas then gradually settles
   to form the present thin disk



Clump cluster galaxy at z = 1.6
(Bournaud et al 2008)

Simulations (e.g. Bournaud et al 2009) show that clumps generated by gravitational
instability of a turbulent disk produce thick disks with uniform scale height rather
than the flared thick disks generated by minor mergers. (Recall diamond shape of the
thick disk of NGC 891, indicating constant scale height)

Thick disks may form by the dissolution of
giant clumps in clump cluster galaxies
(Kroupa 2002,  Bournaud et al 2008).

These star-bursting clumps have masses up
to about 109 M (Förster-Schreiber et al
2011) and may be short-lived because of
mass loss.



Recall the diamond-shaped outer isophotes of the thick disk
of NGC 891:  consistent with a constant scaleheight



•  Thick disks are very common in disk galaxies so the
formation mechanism must be close to universal

•   In our Galaxy, the thick disk appears old, and
kinematically and chemically distinct from the thin disk.
What does it represent in the galaxy formation process ?

•  Chemical tagging will show if the thick disk formed as a
small number of very large aggregates (clumps), or if it has
a significant contribution from accreted galaxies.  This is
one of the goals for the HERMES survey.

Thick disk summary so far



How to test between these possibilities for thick disk formation ?

Sales et al (2009) looked at the expected orbital eccentricity distribution for
thick disk stars in different formation scenarios. Their four scenarios are:

•  accretion (Abadi 2003) - thick disk stars come in from outside
•  heating (of the early thin disk by accretion of a massive satellite)
•  radial migration (stars on more energetic orbits migrate out from the
    inner galaxy to form a thick disk at larger radii where the potential
    gradient is weaker (Schoenrich & Binney 2009)
•   a gas-rich merger (Brook et al 2004, 2005).  The thick disk stars are
    born in-situ



Sales et al 2009

Distribution of orbital eccentricity of thick disk
stars predicted by the different formation scenarios.

Ruchti, Wyse et al 2010:
f(e) for thick disk stars
from RAVE - may favor
gas-rich merger picture ?

Abadi by massive satellite

(gas-rich)





Merging stimulates star formation and disrupts the galaxies. This is 
NGC 4038/ 9 - note the long tidal arms . The end product of the merger 
is often an elliptical galaxy.

Disk galaxies interact tidally
 and merge.
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Steps in accreting a small galaxy :

1) the small galaxy is drawn in to the larger one by dynamical
friction until

2) the mean density of the larger one within the orbit of the
small galaxy becomes similar to the mean density of the
small one, and then

3) the small galaxy is
      tidally disrupted

NGC 5907





Toomre & Toomre (1972):  retrograde encounter



Toomre & Toomre

prograde encounter







•  Merger remnants have the Sersic surface density distributions associated with
elliptical galaxies.  This comes about as a result of the rapidly varying gravitational field
during the merger.  The integrals of the motion are not conserved but are actually
randomised. This is a statistical mechanics process called violent relaxation.  It leads to a
particular form of the distribution function which is associated with the Sersic
distribution (Lynden-Bell 1965)

Two comments about mergers





Decay of
a prograde

satellite
orbit



Decay of prograde
satellite orbit

Rigid vs live halo

Walker et al 1996
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The orbital energy of the satellite goes into thickening the disk

For all this to work, the satellite has to be dense enough to survive - if it
disrupts, then the dynamical friction and orbit decay stop



This is all very important for galaxy formation:  dynamical friction drives the
accretion of satellites which can be circularized and then tidally disrupted by
the tidal field of the parent galaxy.  Very dense satellites survive and end up in
the center of the parent.   A thin disk that is present at the time of accretion
can be puffed up: this could explain the thick disk, but there are many other
options.

For example, simulations by Abadi et al (2003) suggest that some of the
thin disk stars of spirals did not form in situ but was accreted from
satellites. The simulation includes gas, star formation, stars and DM.

60% of the thick disk comes from debris of accreted satellites. 90% of
thick disk stars older than 10 Gyr are satellite debris.

Most thin disk stars formed after most of the accretion was over, but 15%
come from tidal debris

Half the stars of the spheroid are satellite debris. The rest come from an
early major merger.



Abadi et al 2003

Cosmological
simulation of galaxy
formation by
hierarchical merging



Abadi et al 2003

Fraction of stars formed  in situ.  The oldest disk stars and about half of the
spheroid stars are debris of accreted satellites.


