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Outline NGC 4314 NGC 1326

1- Dynamical action of bars
In enhancing star formation: where?

2- Interactions of galaxies: how efficient in triggering star
formation? Starburst & mergers

3- Environment dynamics:
SF enhanced or quenched
In groups and clusters
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No star formation in the bar,

but in a ring or extremities
of the bar

The orbits along the bar are too rapid,
but then the gas accumulates at the end
of the bar =» crowding

Verley et al 2007




Star formation at the end of the bar in the MW

e Hurt from Spitzer NIR
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W43 complex, from the agglomeration of clouds, (Motte et al 2014,
Nguyen-Luong et al 2011)



Young stars form at
| the tip of the bar -
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Star formation in nuclear rings

NGC 1433: Sy 2 barred spiral, the « Lord of the Rings »

Nuclear starburst +
AGN-driven outflow

Beam = 0.5" = 24pc

A second ring inside
the first at ILR

Combes et al 13, 14
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2- Impact of interactions on SFR

Very high impact, according to some simulations!

Numerical simulations use recipes, for the sub-grid physics
Katz (1992), Mihos & Hernquist (1994, 96)
Schmidt law with threshold, with exponent n=1.5

Relative SFR

Results depends on disk stability

Disk/Halo Galaxies
s Disk/Bulge/Halo Galaxies

] Without bulge, disk more unstable
1At the end, the same SFR

20 80

40 -
-Time

100



Evidence of dynamical triggering

Interacting galaxies have more SF
Larson & Tinsley (1978)
Colors of interacting galaxies show evidence of recent bursts

ULIRGs are all mergers of galaxies
(e.g. Sanders & Mirabel 1996)

& Interacting galaxies don't show intense starbursts
(Bergvall et al 03), or only in their centers
Interactions: necessary condition, but not sufficient

Radial gas flows due to bars, or spirals (+DW triggering)
Molecular gas concentrations, and circumnuclear starbursts
(e.g. Sakamoto et al 1999, Buta & Combes 96, Knapen 2004)



Mechanisms

Tidal forces =»Spiral and bars: torques =» radial gas flows

Interacting galaxies appear to have more H, content by 4-5
And more concentrated (e.g. Braine & Combes 1993)

The condition of starburst: accumulating gas in a time short enough
that feedback mechanisms have no time to regulate

Compressive tidal forces

For a spherical density profile in a power-law p (r) ~r ¢, then the
acceleration is in r 1, so the attraction can increase with distance,
If0< a <1

=>» the tidal force is compressive Ftid ~ (1-a) r @

In particular, for a core density (rotation curve V is in r 1-2)



ASSFR [107"yr™"]

Interactions: observations

ASSFR More SSFR in close pairs
: 811 Log Moss 5.3 increase in SSFR for low mass
j 11719 bog Moss (108-10*Mo) and a factor of~2.1
; for high mass (1011-1013 Mo)
ke - e .- 1 Lessincluster environment
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Separatlon (kpc) _ _
As seen in SDSS pairs by

Scott & Kaviraj 2014 Ellison et al 2008, Patton et al 2013
Until 150kpc separation

Also SF triggering by interaction at higherz : 0.1<z<0.6
accompanied by asymmetries Patton et al 2005

At z=1.2 (COSMOS) more triggered SF in low-mass galaxies
(Ideue, Taniguchi et al 2012)



Minor mergers are important in global SF

Mass budget
o " INETG: 14% of the SFR today

:gg/ | LTG (Sh/Sc) 53%
q ETG: SF due to minor mergers
=>» 24% of SF in LTG is due to minor mergers

SFR budget

e E/SO
& So

Fraction of the cosmic SF induced
by minor mergers = 35%

Origin of the bulge and BH growth?

Kaviraj 2014, SDSS catalog z<0.07



Excess- SFR

Effects of mergers (major or minor)

Minor

All pairs

ccccccccc

:\_

Major

9.5-10

Pair separation (kpc)
Davies et al 2015 (GAMA) 300 000 galaxies, 20 000 pairs

M
00l -6 = [.IN]BoT

i
G0l -00L = L.wl6o

0Ll -6 0L =[.nlBo7

SF in general enhanced
In major mergers

However, suppressed in
minor mergers, for
the smallest companion

=>» Gas heating, stripping
at the benefit of the
primary



Mlnor mergers |n ETG: low SFE
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Davis et al 2015

Morphological quenching
+ something
Hot halo gas?

15 objects
detected in CO




Starbursts in dwarfs: due to external interaction

HIl in 18 dwarfs

T 77
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Influence of minor mergers

............
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Can have a significant _ |
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Depending on many g _|
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Heating of the old stellar disk

Remnant can rebuilt
a cold disk, if gas-rich
satellite

Cox 2009




Direct orbit merger gSh gSb

Gas flows through bars
In galaxy interactions

£=0

T 3 R B I e e e i e e REmSmamm e o 1

- t-100Myr —+t-2000Myr —-t-2250Myr —t-2500Myr -

: 7 ¥ & @, 28 @ -

) y > : / 3

N PR I i RPN  PREPR] (EEG] (STod By o -l 1

== = I8 o Iy | O B B E o T

B A i e % B -

by i 1 ]

s ‘! s ‘ _ - 1 ) 5

! ' 3 ] - ] : | | :
R | WL Lo i o=l SOl St &l |
I T T I . I Ll * ' L Al I T '—l v ' L Al I 1) I T Al I I

X ] I ¥ G ]

: i T ¥ % : ]

I A L 1 .

— e - —— -

b = e - o | P 1 L RN | i O | 124

| ——

Sbc Sd

GALMER
Di Matteo et al 07

A high trigger
In mergers Is rare

<10% SF in z=0.6
major mergers

For Massive Gal
Robaina et al 2009



g 5 102D Sb

Gas flows produce starbursts
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Retrograde orbits produce more starbursts



Gas flows IN and OUT
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Face—on

Gas-rich galaxies, high resolution
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Influence of mteractlonlmerger
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No impact at all

Same SFR for isolated galaxies

Temperature floor?, EoS? High-z Saturation?

Perret, Renaud et al 2014



Star formation modes:
main sequence, starburst ?

I IMalssilvel(M;/h;l.;:;léx‘llo’b) IIG-:Jlluxliesl [Ni%_’?i]— < 109% of SF
In z=0.6 massive
galaxies is triggered
_ 0.10F by major interactions
‘é : Robaina et al 2009
Lo
g, Starburst mode at z=2
= _ | Only 10% of the SF
Data: s (Majof £Hinor Rodighiero et al 2011
0.01F Models:__ (Major+¥inor) ... (Major) - Herschel-GOODS
i B . Somerville 08 (SAM)
R R
0.0 0.2 0.4 0.6 0.8

Redshift

=» Compatible with the GALMER simulations
Jogee et al 2009 Di Matteo et al 2007



3- Environmental effects

=» Spheroids favored at high density, SF quenched
=» LBG z=3, morphology-density relation

already there at z =3 (Cooke et al 2014)

Morphology- (SFR-) density relation
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z~0 =

I 65 Cluster Sample — all

Lenticulars

;_Spirals 1
. Ellipticals]

(old) -

Ine surface density (Moo ®)

log surface density (Mpc2)

No/little SF

Mergers in small groups
Then group merge in clusters,
=» ram-pressure, harassment



Environmental quenching

Ram pressure in clusters: in general slow:
In Virgo, HI deficient, but not H, (Kenney & Young 1989)
but can be fast in exceptional cases: ESO137-001

: ESO137 601 .'; ‘

Jachym et al 2014




Ram pressure quenchlng
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Slow and fast passage through green valley

=>» Late-type galaxies slowly run into the green valley, losing their gas

reservoirs (t > 1Gyr)
=>» Early-type galaxies are rapidly quenched (mergers), and cross quickly

the green valley (t < 0.2 Gyr)
T-quench ~2-4 Gyr 100 Myr

cosmological

gas inflow
blocked

either

galaxy

0- cold ga-s
i. it ETG

LTG Schawinski 2014




Morphological Quenching (~5 Gyr)

t=3.5 Gyr t=10Gyr t=13.7Gyr .
Star-forming clumpy Quenched gyas disk Star-fonn)i(ng D IS kS on Iy are more u nStab I e

high-z disk inared ETG low-z spiral

Bulges and central condensations
stabilise disks

&

Toomre parameter Q= c/ocrit

ocrit=3.36 GX /x

@

Bulge increases «, and Q
If o and X remains constant

“Nw e 0D - N W b

Martig et al 2009



Inside out Quenching

Redshift z~2 z~0
tuniverse 3.3 Gyr 13.7 Gyr
: formation of high central quenching of SFR . :
staar;f;:'Taz:j?:)n stellar mass densities in the center, outskirts quenf:hl'r:’g pipcess e:,.;,):wca; T;:: Ch|ed
through ‘compaction’ still forming stars IISCErOLE i galaxy
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=>» Morphological quenching? . 0:ZENS (SR Q) 0
. . —~105F -- Fangetal 2013

At z=2, inner regions of v | 2 Boe
quiescent galaxies are redder = 1 [os
than their outer parts = o 1 [
Guo et al 2011 g oo 117
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Environment and morphology

Mergers of spirals (S+S) show a much larger SFR enhancement than S+E
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Star formation enhanced in clusters
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Star formation and transformation of
galaxies into S0

Spin
10 [ 2Sb oS0 eE ACluster aSubgroup -
L A, . ] Prediction of models
0.8 ! / (Bekki & Couch 2011)
. 0.6 - I | Tidal interactions

R 1 Or ram-pressure?
D.rﬂr\\ ~ .

;\f' | It appears that bursting
0.2 N - | galaxies are undisturbed

\\ | =»Disks in rotation
0.0 ! I i B

1.5 2.0 ] 2.5 3.0 A.5 4.0
Concentration ¢

Johnson et al 2016



Virgo cluster: Ha + [NIl], Kenney et al 2008
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Shocks and turbulence

quenching
chkson compact groups > SF suppressmn E

r &4 Kennicutt 19938
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=>» Quenching before gas consumption

Alatalo et al 2015
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CONCLUSION

=» Main sequence: SFE=cst, above X i = 9 Mg/pc?
(tdep ~2Gyr)

=» Density waves, bars and spirals, gas compression, starbursts in
nuclear rings

=>» Starbursts triggered by galaxy interactions and mergers,
tdep ~100 Myr

=» Role of environment: trigger by interactions, mergers, but
guenching by strangulation, harassment, cluster-wide interactions

tdep >10 Gyr



