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Thicker disk: 

very common in other galaxies

appears to be old (> 6-10 Gyr) 

moderately metal-poor

NGC 4762

Thin disk: 

relatively younger 

moderately metal-rich

dynamically colder

Most spirals have two disk components

Galactic disks

Thick disk recognizable as relict of the early galaxy
ISM conditions at epoch of galaxy formation: mass, chemical composition, turbulence

NGC 4762



• Perturbation by merging satellites and/or dark matter (e.g. Di Matteo+ 
2011). The orbital energy of the satellite goes into thickening the disk.

• Accretion of satellites (e.g. Abadi+ 2003). Thick disk stars come in 
from outside.

• Gas rich mergers (e.g. Brook+ 2004, 2005). The thick disk stars are 
born in-situ.

• Formation in turbulent gas-rich thick gas disk (e.g. Bournaud+ 2009). 
Dissolution of giant gas agglomeration in clumpy galaxies (Kroupa 
2002, Bournaud+ 2008).

Thick disk formation
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Noguchi 1998,1999
Bournaud, Elmegreen et al 2007

Formation in clumpy galaxies

Rapid formation of exponential disk
and bulge, through dynamical frictiong , g y
Noguchi 1999, Bournaud, Elmegreen  et al 2007

Chain galaxies, when edge-on

Turbulent clumpy disks form thick disks 
with uniform scale height rather
th th fl d thi k di k

10

than the flared thick disks
generated by minor mergers

Clumpy disk

Thick disk formation in gas-rich disk
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Clumpy disk

Rapid formation of 
exponential disk 
(and bulge), through 
dynamical friction 

Formation in clumpy galaxies

Rapid formation of exponential disk
and bulge, through dynamical frictiong , g y
Noguchi 1999, Bournaud, Elmegreen  et al 2007

Chain galaxies, when edge-on

Turbulent clumpy disks form thick disks 
with uniform scale height rather
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10

than the flared thick disks
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Thick disk

Thick disk formation in gas-rich disk



- Secular evolution affects galactic disk dynamics
- Dynamical information can be vanished through disk heating processes

Khoperskov & Khrapov 2018Khoperskov+ in prep.

Bar… multiple bars

Disk/bar buckling

Spirals and clouds

early type

spiral



- Secular evolution affects galactic disk dynamics
- Dynamical information can be vanished through disk heating processes

- The detailed abundance pattern reflects the chemical evolution of the gas 
from which the aggregate formed.

- Disks formation/evolution are still recognizable by their chemical signatures

Khoperskov & Khrapov 2018Khoperskov+ in prep.

Bar… multiple bars

Disk/bar buckling

Spirals and clouds

early type

spiral



Chemical composition of the Milky Way
- [α/Fe]-[Fe/H] bimodality 
- thick/thin disks?  
- The thick disk is not a mono-age 

population: 9-13 Gyr 
- The thick disk is alpha-enhanced 
- Thick disk chemically homogeneous

LAMOST

Xiang+ 2017

Adibekyan+ (2012) sample

Haywood+ 2013

Silva Aguirre+ 2017

- Two regimes of abundance 
variations, corresponding to two 
regimes of star formation



Cosmological simulations
EAGLE simulation

Schaye+ 2014



Cosmological simulations
EAGLE simulation

Schaye+ 2014
Grand+ 2017

AURIGA project

[α
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All (6) simulations 
develop a clear bimodality

Merger plays an important role



Cosmological simulations
EAGLE simulation

Schaye+ 2014
Grand+ 2017

AURIGA project

[α
/F

e]
[Fe/H]

All (6) simulations 
develop a clear bimodality

Merger plays an important role

Milky Way case?
No significant classical bulge

No significant merger after  
thick disk formation

e.g. Shen+ 2010; Kunder+ 2012; Di Matteo+ 2014



• can we reproduce realistic thick / thin disks? 

• what do we need to separate thin and thick 
disks formation phases? 

• chemical evolution? 

Outline
Isolated galaxy formation model
Starting from turbulent gas rich disk…



live DM halo



live DM halo

similar to Cole+2013,  
Aumer & White 2013, Marasco+ 2015

Tini ~ 105 -106 K
rotating gaseous halo
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live DM halo

similar to Cole+2013,  
Aumer & White 2013, Marasco+ 2015

Tini ~ 105 -106 K
rotating gaseous halo• Gasdynamics (grid based)

• static mesh refinement
• TVD MUSCL, 2nd order in time, 3rd in space
• Riemann solvers (HLLC)
• passive scalars advection 

• (H, He, Si, Fe, Mg, O… 8 species in total)
• radiative cooling/heating (metallicity dependent)
• stellar feedback (only thermal: 

• SNI, SNII, AGB stars, metallicity dependent)
• star formation (T<100 K, M*

ini>103 Mo, div V<0)

• Stellar component (N-body)
• stellar yields (Nomoto+ 2006)
• mass loss
• IMF (Kroupa 2001)

• Dark matter (N-body)

• Gravity: TreeCode  
(θ=0.5, Δt=104 yr, AVX instructions) 
Khoperskov & Berczik in prep

halo gas cooling

gaseous  
disk
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Gas density
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Long depletion  
time scale because 
gas spends most  
of the time in the  
non-star-forming state

ISM and star formation

see also: Semenov, Kravtsov, Gnedin 2017
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Cold phase

Warm phase

Hot phase

Gas density
Star forming gas

G
as
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Long depletion  
time scale because 
gas spends most  
of the time in the  
non-star-forming state

ISM and star formation

see also: Semenov, Kravtsov, Gnedin 2017



Self-consistent model: disk(s) formation
0.5 Gyr 1 Gyr 3 Gyr 4 Gyr 12 Gyr

Stars

Gas



Self-consistent model: SFH



Rapid decrease of the star formation rate

Self-consistent model: SFH



Stellar disk formation
0.5 Gyr 1 Gyr 3 Gyr 4 Gyr 10 Gyr



S. Khoperskov et al.: Bar quenching in gas-rich galaxies

Fig. 4. Star-formation rate in di↵erent models: one with no bar (left), one with a bar (right) at di↵erent radii. The parameters of the bar are, ✏ = 0.1,
r

b

= 5 kpc, and h = 0.2 Gyr. The lines are the same as in Fig. 3. Each line corresponds to the SFR calculated in a ring of 1 kpc width centered on
the value given in the legend of Fig. 3.

Fig. 5. The evolution of the mass of gas for the same models as show in Fig. 4. Here, the black line corresponds to the total mass of gas with
15 kpc radius of the disk.

Fig. 6. The evolution of the star-formation e�ciency, ⌃SFR/⌃gas, for the same models as in Fig. 4. In this figure, the black line corresponds to the
mean star-formation e�ciency within 15 kpc of the center of the disk.

Article number, page 7 of 16

S. Khoperskov et al.: Bar quenching in gas-rich galaxies

Fig. 4. Star-formation rate in di↵erent models: one with no bar (left), one with a bar (right) at di↵erent radii. The parameters of the bar are, ✏ = 0.1,
r

b

= 5 kpc, and h = 0.2 Gyr. The lines are the same as in Fig. 3. Each line corresponds to the SFR calculated in a ring of 1 kpc width centered on
the value given in the legend of Fig. 3.

Fig. 5. The evolution of the mass of gas for the same models as show in Fig. 4. Here, the black line corresponds to the total mass of gas with
15 kpc radius of the disk.

Fig. 6. The evolution of the star-formation e�ciency, ⌃SFR/⌃gas, for the same models as in Fig. 4. In this figure, the black line corresponds to the
mean star-formation e�ciency within 15 kpc of the center of the disk.

Article number, page 7 of 16

Barred galaxyUnbarred galaxy

Star formation efficiency. Toy models

Khoperskov+ 2018

Star formation in gas-rich  
galaxies with rigid  
bar potential



Gas velocity dispersion in a gas-rich 

                            barred galaxy

Barred galaxy

Unbarred galaxy
Different  
radii

Khoperskov+ 2018
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Gas velocity dispersion Bar  
rotation

Gas (supersonic) flow

Shock 
wave(!)

Gas (partially) lose   
angular momentum

gas LOS velocity

stellar density
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Gas velocity dispersion Bar  
rotation

Gas (supersonic) flow
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Milky Way star formation history

Rapid decrees of star formation can be explained  
by the formation of a bar in a gas-rich disk

Chemical evolution model by Snaith et al 2015

Haywood+ 2016 Two distinct phases: 

thick disk 12-9 Gyr 
thin disk 8 Gyr-today

Milky Way 
bar formation?



SFH in barred galaxies
Observations indicate that 60% of bright disk galaxies have bars 

(e.g., Knapen+ 2000; Barazza+ 2008) A&A proofs: manuscript no. Califa7_2DSFHv7

Fig. 9. The evolution of the SFR and SFI for Sbc galaxies (points) in three stellar mass bins (color coded as indicated in the label), and Sc galaxies
(stars) in our lowest M? bin. The SFR is calculated adding the spaxels in the inner R < 2 HLR, while the ⌃SFR-values are averages over the central
0.5 HLR. The black line shows the model proposed by Haywood et al. (2015) and Lehnert et al. (2014) for high redshift disk galaxies similar to the
Milky Way (log M? ⇠ 10.9). Bars located at the right side of the plots represent the standard deviations for Sbc galaxies with 10.7  log M?  10.9
at ⇠ 11.5 Gyr (upper bar) and the standard deviations for these galaxies averaged for all the epochs (at the right lower corner).

age equal SFHs at least during the first 10 Gyr. (ii) In the inner
regions, the SFH of E and S0 are very similar in shape to the SFH
of early type spirals, except in the last 3–4 Gyr. For instance, the
mass fractions at z > 2 in the inner regions of E and S0 are in the
70–83% range (depending on M?), indistinguishable from the
80% found for Sa. (iii) In the outer regions, not sampled by the
ATLAS3D data, the SFH of E and S0 galaxies is quite di↵erent
from that of Sa and later types. Between z = 2 and 0.4, both ⌃SFR
and sSFR are significantly higher in ETG than in spirals.

These results indicate that ETG have assembled their inner
regions in a similar way to Sa galaxies, probably via gas accre-
tion or mergers and bulge growth. However, their outer regions
grow significantly slower than the inner ones, building 40–60%
of their stellar mass over the first few Gyr, compared to ⇠ 80%
at R < 0.5 HLR. Thus, although the centers of ETG formed very
fast and early on, their envelopes were assembled during a more
extended period. This epoch of active growth is roughly centered
around z of 1, but goes all way from z ⇠ 2 to 0.4.

It is now well established that massive galaxies (M? > 1011)
at z ⇠ 2 have significantly smaller sizes than their local E and S0
counterparts, and that they have grown significantly since then
(Trujillo et al. 2006, 2007; Buitrago et al. 2008; van Dokkum
et al. 2010). It has been suggested that dry mergers are the main
driver for this late size evolution, expanding their envelope by
means of small satellite accretion (Naab et al. 2009; Bell et al.
2004). Indeed, z ⇠ 1 has been identified as an epoch of galaxy
merging (Hammer et al. 2005; Kaviraj et al. 2015), in which the
progenitors of ETG increase in size and mass in proportion to
one another, following approximately � log R

e

⇠ 2 ⇥ � log M?

(van Dokkum et al. 2010, 2015; Huertas-Company et al. 2015).
This relation predicts that from z = 2 to 0.4 ETGs with a present-
day mass of 3 ⇥ 1011 increase their e↵ective radii from R

e

⇠ 2.5
to 6 kpc, and their stellar mass by a factor of ⇠ 1.5. Although
we cannot test the size evolution with our data, we find that from
z = 2 to 0.4 our E and S0 galaxies have grown their mass by

a factor of 1.5 on average12, in excellent agreement with this
estimate.

It thus seems that our results for the SFHs of ETGs are
in agreement with the two phase formation scenario for ETG,
where the central part builds most of its mass at high z, prob-
ably through highly dissipative processes involving gas accre-
tion, while the outer envelope grows over a more extended pe-
riod (down to z ⇠ 0.4), possibly through dry mergers.

6.3. The shut down of star formation

High redshift studies have shown that massive galaxies (M? >
1011) form and quench fast (Cimatti et al. 2004; McCarthy et al.
2004; Whitaker et al. 2013), a scenario that is also supported by
studies of local ETGs (McDermid et al. 2015; Citro et al. 2016;
Pacifici et al. 2016). We too obtain that most galaxies formed
most of their mass early on, but, in contrast with these other
studies, we find that it took them a long time to complete the
shut down of star formation. In other words, we seem to obtain a
slower quenching than other studies. There is, however, one case
for which we do find evidence for a fast quenching: the most
massive ellipticals.

This result appears in several of the previous figures, per-
haps more clearly so in Fig. 5, where the steepest SFHs around
z ⇠ 1 occur for our highest-M? bin (top panels), or ellipticals
(bottom). A close inspection of Fig. 3 shows this fast quenching
occurs not for massive or elliptical galaxies in general, but for
galaxies which are both very massive and elliptical, something
which cannot be fully appreciated in Fig. 5 because its panels
collapse over either the M? or the morphology dimension. To
highlight this point and also to disentangle the e↵ects of M? and
morphology upon SFHs in a visually simpler way, Fig. 10 shows
the average mass fraction curves, m(t), for galaxies along the
Hubble sequence (E to Sd running from top to bottom) for the
same M? bins used throughout the paper (coded by the colours

12 This is a global estimate, but our mass growth factors vary with the
radial location. Typically, inner regions grow by 20% while outer ones
grow by 60% in mass over this same period.
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MW-mass galaxies form their bar at z=1-1.5 (Sheth+ 2008, Melvin+ 2014) 

That’s also the epoch of the transition from the thick disk to the thin disk 




Self-consistent model: SFH
Bar is able to suppress the star formation

Observations: James & Percival (2018) Simulations: Renaud+ (2015)see also:
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Alpha-age-metallicity relation

see also Minchev+ 2017
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Why small patch of the disk  
can tell us about the overall evolution?



because of radial migration

Khoperskov+ 2018 (submitted)
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[O/Fe] spatial variations
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Summary

• The thick disk formed in a well mixed turbulent gaseous disk 
which gave rise to a steep and monotonic chemical enrichment 
lasting a few Gyr 

• Thin disk is the result of slow (and long) star formation 

• Formation of the bar can separate these two phases decreasing 
global star formation rate. This provides evidence for the 
existence of two different epochs of star formation in the galaxy, 
which we have defined as the epochs of thick disk and thin disk 
formation. 

• The transition between the two epochs is imprinted in [α/Fe] 
variation as a function of time/space/metallicity


