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“Main Sequence” of Star Forming Galaxies at z~2
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Double Sequence in SFE? “disk” mode + “starburst” mode
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Fundamental Metallicity Relation

MO ERTEREL. EEE- 1T T (mass-metallicity relation) . E 2 RERIZHIKTET 5.
EERENSNEDIE. TANZSGEILERENE LD IEFHEIEAHFEYHEATLEL,

12+log(O/H)

(¥45)60]

SDSS galaxies
Mannucci et al. (2010)




Fundamental Metallicity Relation

4,253 local galaxies with HI 21cm (ALFALFA; Arecibo Legacy Fast ALFA survey)
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Figure 1. The mass—metallicity relation for the 4253 ALFALFA galaxies in our sample. The grey shaded areas show the area that contains 64 per cent (light
shaded area) and 90 per cent (dark shaded area) of all SDSS galaxies from the Mannucci et al. (2010) study. The coloured lines show the mean trends for
galaxies in bins of Ho SFR (left-hand panel) and H1 mass (right-hand panel). It can be seen that at a constant stellar mass, metallicity is a decreasing function
of both SFR and H1 mass.

SFR (Ha, dust corrected)
O/H ([NIl}/Ha, R23)

Bothwell et al. (2013)
See also Lara-Lopez et al. (2013) based on GAMA



Fundamental Relation

4,253 local galaxies with HI 21cm (ALFALFA; Arecibo Legacy Fast ALFA survey)
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Figure 5. Plots showing the dispersion in metallicity in the M,—M (H1) plane (left-hand panel) and the M,—SFRy, plane (right-hand panel). The red dotted
line in the right-hand panel shows the SFR ‘main sequence’, defined at z = 0 by Elbaz et al. (2007).
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mol gas
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Schematic diagram of SFR-M* (Main Sequence)
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= (Mg /kpc?)

Evolution of surface stellar-mass profiles

B ASRA (FE AR L) SRIAIRITA

Mstars= 3 x 10" M@ (Z=0) |Vlstars= 5x 10" M@ (Z=O)
Ncomoving(>M)= 2 x 104 MpC'3 Ncomoving(>M)=1 1 %1073 MpC'3
) ) ) ) ) i i 1T ll T T T l LI ll T ]
1010 E_| [ [ I_E rr?_1 oo L (b)_:
- ] Q Sy E
i - _~<o u ‘\\\\\ i
10° = > N §
- 1T S 1°F E
108 & 45
- 1 g 105 F E
107 £ = 5 B i
- 3 S o z=2.0 N
B . % 107 & 2z=25 E
10° & o B » E .

:.l } N ! "‘,' ‘l‘: Cooaald 1 I R |

1 5} 10 20 1 5 10

radius (kpc) radius [kpc]
van Dokkum et al. (2010) van Dokkum et al. (2013)
Z>1TIENLOET ARV RIFFICHEAE,
inside-out growth! ZTDRIETARIDHEIZHREEILT D,

LAL. Wuyts et al. (2012)IXE & D EEF I,



Mass-Size relation of SFGs at z~2 is similar to the local relation
except for a tail to smaller sizes
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The blue nuggets at z=2.2-2.5 are the direct progenitors of red nuggets at z~1-2.
(SF-ing)



Schematic diagram of M*-Size (mass-size relation)
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High-z Galaxy Anatomy (£ ;] #2EI=¢)
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SFG at z=2.4 resolved with SINFONI on VLT
Genzel et al. (2011)



A rotational star-forming galaxy at z=2.38
SINFONI (IFU) + AO - 0.15” resolution (~1.2kpc@z=2.38)
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Toomre Q value map
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Internal Kinematics of SFGs at z~2

SINS/zC-SINF Survey IFU with AO (0.27-0.3")
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Clumpy galaxies at z~2 seen in the SINS survey (with AO)

D3a15504 z=2.38 BX482 z=2.26 ZC782941 z=2.18 ZC406690 z=2.19

A

.:
C
B%O
o E
D

B
K-band NACO H-band NIC I-band ACS I-band ACS

Figure 2. FWHM ~ 0”2 He and rest-frame UV /optical continuum images of four massive luminous z ~ 2 SFGs. All maps have been re-binned to 07025 pixels. Top
row: three-color composites of integrated He line emission (red), and continuum (blue—green) images, along with the most prominent clumps identified by labels A,
B,. ... Middle: integrated SINFONI Ha emission. All four images are on the same angular scale, with the white vertical bar marking 1” (~8.4 kpc). Bottom. HST NIC
H-band, ACS I-band, or NACO-VLT AO K;-band images of the program galaxies, at about the same resolution as the SINFONI Hoe maps. The color scale is linear

and autoscaled. Genzel et al. (2011)
see also Tadaki et al. (2013b)



Clumpy, rotating gas disk in SMG at z=4.05 (GN20)
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FiG. 5.— Zoomed views of gas in the long-lived clump 2C, with an average baryonic mass of 8 x 108 M. The snapshots show the

mass-weighted average gas density, with one snapshot every 40 Myr. Between the third and fourth panels (t=160-200Myr), the clump
accretes another clump (about half its mass), which triggers an increase in its SFR, and a later increase in the local outflow rate (see
Fig. 8); the clump gets a more disturbed appearance but the baryonic potential well in place rapidly re-accretes gas and the clump survives
this local enhancement of the stellar feedback. Another such event, triggered by the accretion of surrounding diffuse gas and small clouds,
occurs between the seventh and eighth panels (¢ =320-360 Myr).
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F1G. 6.— Evolution of the baryonic (gas+stars) mass of clumps
as a function of time for the clumps tracked in the simulations.
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Gas outflows from clumpy galaxies
(feedback in action)
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Genzel et al. (2011)

Gas outflow from the star-bursting clump-B (~500km/s)

ESVVCEEDRAIT, ECTEDLIGETA—RN\VIRRoNDHM ? EREL or AGN?
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FI1G. 10.— Line-of-sight velocity distribution (i.e., synthetic spec- FIG. 11.— Median stacked spectrum comprising all the stud-
trum) of clump 2C, observed with a beam 600 pc FWHM, with anied clumps (top: linear scale — bottom: log-scale), after re-scaling
almost face-on orientation of the host galaxy. Top: the systemeach individual spectrum to the same clump mass (see text).
is shown during its peak of outflow activity after a big gas cloud The stacked spectrum is well fitted by a double Gaussian model
was absorbed (see Fig. 5 and 8), the clump spectrum is broadly (dashed), according to which the broad component contains 32% of
irregular with several high-velocity components. Bottom: we show the gas mass (a significant part of which, but not all, is above the

the system in a calmer phase, 80 Myr later, when the mass outflow . L.
rate is marginally higher than the SFR. A double-Gaussian profile clump escape velocity), 68% is in the narrow component (bound

is observed, as in the stacked spectrum for all clumps shown intO the clump). In our simulations, the gas in the broad component

Figure 11. is hot (> 10*75 K), outflowing gas. Bournaud et al. (2013)
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AGN contribution is an issue for the red [OII] emitters at z~1.5

Hayashi et al. (2011)
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Main Sequence & Fundamental Relation® 735
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Gas rich, turbulent, but rotational disk at z>2

cold accretion = clump fragmentation - clump
migration - pseudo-bulge formation -> SMBH
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