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"Resolved Views of Galaxy Formation and Evolution
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Subaru-GLAO Science Workshop
10/17 13:30 - 10/18 17:00

Subaru GLAO Subaru Hilo-Base Room-104
(Ground Layer Adaptive Optics) <<10/17(ed)>>
Science WOkahOp 11:00-12:00 Subaru Seminar by Kim-Vy Tran (Texas A & M University)

“"Star Formation in Galaxy Clusters Over the Past 10 Billion Years”
12:00-13:30 Lunch with Kim-Vy@iyo’ s

Oct 17-18 @ Hilo office 13:30-13:40 A (BRH5)

13:40-14:00 E.Bf (GLAOZ &)

14:00-14:20 KB (GLAOY' I = L— 3 V)
14:20-14:40 EEF GLAOY I =2 b— 3 v : fif&)
14:40-15:00 FH (GLAOY I =L—a v :4%)
15:00-15:15 i (GLAO)

IKEA (15:15-15:40)

15:40-16:00 FHH (BREEA—/—FE=2—)
16:00-16:20 AJH (UTaRFh AR EFEHIZEE)
16:20-16:40 KL (ITHRINZ RKIKIFU)

16:40-17:00 FEAT (ATARIVZ RKIKIFU)

17:00-17:30 &im (BRZERE, RV HGE. EEREBN)
Y& (%E)

<<10/18(Thu) >>

09:00-09:30 FE L (SR H0n)
09:30-10:00 Y2F& (SR, &)
10:00-10:30 HHBEE (ST, SRFI[H)
10:30-11:00 & (8R47)
11:00-11:30 #2H (77 b7 a—, ALMA & DHL#E)
11:30-12:00 A (T b7 a—)
B (12:00-14:00) 4B 1+1, Hilo rice noodle, happy valley
14:00-14:30 %K1 (AGN)
14:30-15:00 A (ER{])
15:00-17:00 %k
F—P AR PERHEETY T,
RUA b= — BUfERE. EERHH
18:30- #BH 2 (Seaside)
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Signatures of outflows (500-1000km/s)
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Figure 7. Ha spectra of ZC406690 (z = 2.195), for the entire galaxy (top left), as well as for selected clumps marked in the central He—ACS [-band composite
(Figure 2). The dotted gray curves in all panels denote the SINFONI spectral response profile measured from OH sky lines. Before construction of the integrated
spectrum, the galaxy rotation was removed for each pixel. The thin red curves show the broad He (clump A) or broad He + [N 1] (integrated spectrum, clump B)
components obtained from multi-component Gaussian fits. For region D, the thin red curve is the scaled broad He component of clump B, and the velocity scale is

relative to the systemic velocity of nearby clump B. G
enzel et al. (2011)
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Rotation of distant star forming galaxies
VLT/SINFONI(IFU) + AO = 0.15” resolution (~1.2kpc@z=2.38)

offset (kpc)
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Our sample

.Merger or Clump?

-

Q2343-BX389
2=2.1733

Q2343-BX610
2=2.2103

Q2346-BX482
2=2.2570

Forster Schreiber et al. 2011
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“Cold Streams™ along filaments
(Inflow)

efficient gas supply to form a massive
galaxy on a short time scale at high-z

When does the gas motion turn to “outflow”
due to feedback (SNe and AGN)?
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Normalized Flux
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Resolving power and FoV of our facilities

Subaru+A0O188
0.06-0.1°@2um (~0.5-1kpc @z>1), 1 arcmin (FoV)

Subaru+GLAO
0.2" @2um (~1.5kpc), 15 arcmin

JWST
0.05” @2um (~0.5kpc), 3 arcmin

TMT+AO
0.015" @2um (~0.1kpc), 15 arcsec

ALMA
0.01-0.17"@Submm (0.1-1kpc), 10arcsec-1arcmin

(0.08-0.6” in cycle-1)



"MAHALO-Subaru” |
MApping HAlpha and Lines of Oxygen with Subaru || =

NB mapping of star forming galaxies at the peak epoch of galaxy formation
Pilot obs (5 nights) + Intensive (10 nights @S10B-11A) + Normal (3 nights @S11B)

environ- | target z line A camera  NB-filter conti- | status
ment (pm) nuum | as of Oct "12
CL0024+1652 0.40| Ho 0.916| S-Cam NB912 z' | Kodama+’04
Low-z |CL0939+4713 0.41| Hae 0.923| S-Cam NB921 Zz' | Koyama+'11
cluster |RXJ1716.44+-6708 0.81| Ha 1.190| MOIRCS NB1190 J | Koyama+’10
[O11] 0.676| S-Cam NA671 R |observed
X(CSJ2215-1738  1.46|[Omn] 0.916| S-Cam NB912,921 2’ |Hayashi+’10,’11
High-z |4C65.22 1.52| Ha 1.651 | MOIRCS NB1657 H |observed
cluster | CL0332-2742 1.61|[Omn] 0.973| S-Cam NB973 y | Hayashi+’13
CIGJ0218.3-0510 1.62|[O1] 0.977| S-Cam NB973 y | Tadaki+’12
Proto- |PKS1138-262 2.16 | Ho 2.071 | MOIRCS NB2071 K, |Koyama+’12
cluster |4C23.56 248 | Ha 2.286 | MOIRCS NB2288 K¢ |Tanaka+’11
USS1558-003 2.53| Hoe 2.315|MOIRCS NB2315 K |Hayashi+’12
GOODS-N 2.19| Hao 2.094| MOIRCS NB2095 K¢ |Tadaki+’11
(70 arcmin?) HB 1.551 | MOIRCS NB1550 H |not yet
General [O11] 1.189 | MOIRCS NB1190 J | observed
field |SXDF-CANDELS 2.19| Ha 2.094 | MOIRCS NB2095 K |Tadaki+’13
(92 arcmin?) HB 1.551 | MOIRCS NB1550 H |not yet
[On] 1.189 | MOIRCS NB1190 J |not yet
2.53| Hao 2.315| MOIRCS NB2315 K, |Tadaki+’13

Kodama, T., Hayashi, M., Koyama, Y., Tadaki, K., Tanaka, I., Shimakawa, R., et al.



Response function

Unique Sets of Narrow-Band Filters on Wide-Field Cameras
Suprime-Cam (optical) and MOIRCS (NIR)

The existing Suprime-Cam NB-filters capture emission lines from known good targefts.
The MOIRCS NB-filters were specifically designed for good targets at frontier redshifts.

Suprime—Cam filters
NB912 NB973

NAB71

NB921

NB1180

MOIRCS filters

NB1660 NB2071 NB2288

NB1657 NB2095

NB2315

Al l L) l L) I L) I Ll

Al l L) l L) I L) I Ll

Response function
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-

USS1558-003 proto-cluster at z=2.53

3.4 hrs integration
on NB2315 (Ha)

.-

0.4-0.5" seeing s ol es en T g

LU

" 0 50 Ead|o galaxy.

Hayashi et al. (2012)

o

X 24 ene tha fiId _— Integrated SFR amounts to 10*M/yr over the cluster



Ha emitters in two proto-clusters at z>2
USS1558-003 (z=2.53)

3L NB2315/MOIRCS -

PKS1138-262 (z=2.16)
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Red Ha emitters tend to favor higher density regions!
Such red Ha emitters are found in groups (medium density regions) at z~0.5-0.8.

The "key" populations under the influence of environmental effects!



Red Ha emitters in groups |

0 red HAEs

SFR>0.75M/yr

"Octopus cluster” (CLO939@2z=0.41) Koyama et al. (2011)



Red Ha emitters tend to be more massive and more bursty!
Massive galaxies grow early/rapi
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SF galaxies in the cluster apparently follow the same MS as the field relation.
But dust extinction may be underestimated for the red emitters (MIPS sources),
which would then raise the intrinsic cluster relation upwards from the field one?

Koyama, et al. (2012)
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Spatial distribution
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HST/WFC3
F160W images

SXDF/CANDELS B

Ha emitters
at z=2.19
(NB2095)

Many show
clumpy structures
or merger signatures

Ha emitters
at z=2.53
(NB2315)

Tadaki et al. (2013)
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We need to resolve "forming galaxies”
both spatially and kinematically,
and at both Opt-NIR and Submm-Radio

Mergers? Nucleated dusty starburst + AGN?
Disordered kinematics, central outflow?

Clump-migration? SF clumps + central starburst + AGN?
Rotational disk, outflows?

Secular evolution? Disk-wide accretion & star formation?
Rotation/pressure supported?

AO imaging at K-band (M* distribution) and NB-Ha (SFR distribution)

IFU (rotation, outflow, velocity dispersion, AGN, chemical evolution)

ALMA (dense gas distribution? SF mode? kinematics?)
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Signatures of outflows (500-1000km/s)
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Figure 7. Ha spectra of ZC406690 (z = 2.195), for the entire galaxy (top left), as well as for selected clumps marked in the central He—ACS [-band composite
(Figure 2). The dotted gray curves in all panels denote the SINFONI spectral response profile measured from OH sky lines. Before construction of the integrated
spectrum, the galaxy rotation was removed for each pixel. The thin red curves show the broad He (clump A) or broad He + [N 1] (integrated spectrum, clump B)
components obtained from multi-component Gaussian fits. For region D, the thin red curve is the scaled broad He component of clump B, and the velocity scale is

relative to the systemic velocity of nearby clump B. G
enzel et al. (2011)
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HSC survey for 1.2<z<1.7 [Oll] emitters and z<1.6 galaxies
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SWIMS-18 Survey for 0.9<z<2.5 Ha emitters and z<4 galaxies
#F 1 : SWIMS-18 @7 4 V&2 —fHhR
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Mahalo-Subaru, HSC, and SWIMS-18 surveys
will provide:
a nearly-SFR-limited sample of galaxies at 1<z<2.5
a nearly-M*-limited sample of galaxies at 0.4<z<4
over a wide range in environment.

We will need: at K-band (M*),
at NB (Ha-SFR), and multi-IFU (kinematics, etc) to

resolve physical processes in these galaxies.

- GLAO + Wide-field NIR imager with NB and
multi-IFU (or slit scan?) will be the solution!



GLAO + NIR-cam MDH—~A
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GLAOQO Science Workshop (Hawaii, 2012/10/17-18)

Welcome to Hilo!
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log(SFR) [Me/yr]
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Table 1
Overview Deep Lookback Surveys
Field Area Filtermorph Image Depth® Sample Depthb No5cze15° N15cz225°
(deg?) (AB mag, 50) (AB mag)
COSMOS 1.480 Ig14 27.2 25.0 106080 21430
UDS 0.056 Hi60 26.7 26.7 10443 6796
GOODS-S 0.041 Hi0 27.0 27.0 7008 3973

GOODS-N 0.042 7850 27.6 26.8 8797 3450




MSER A [Zexponential diskERAI T, MSMHOLANBIFERIDEFENSLY
=AML, BADD TERRABRIATLS !

" 2
s B e s s LA A A ML LA LA A e

-002<z<020 ugrlz-05<z<15 -1.5<z<2.5 :

-

Nucleated b-lirst!

nSersic

-3 -2 -1 0 1 2 -3-2-1 0 1 2 -3 -2 -1 0 1 2
Alog(SFR) Alog(SFR) Alog(SFR)
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M 82 (NGC 3034) FOCAS (B, V, Ha)
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Normalized Flux
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. 'G'Iobal,prop.erties of H.a emitters at 7=2.2.

» ® J-K<1 v,
> @ J-K>1
[] MIPS source

|. massive (Mstar>|0 'Mo), low speaf‘c SFR.
2. less massive (10'%5Me<Msiar<10''Me), high speuf‘c SFR
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Fundamental Metallicity Relation
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“Cold Streams™ along filaments
(Inflow)

efficient gas supply to form a massive
galaxy on a short time scale at high-z

When does the gas motion turn to “outflow”
due to feedback (SNe and AGN)?
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We need to resolve "forming galaxies”
both spatially and kinematically,
and at both Opt-NIR and Submm-Radio

Mergers (environment)? Nucleated starburst + AGN ?
Disordered Kinematics ?
or

Secular evolution? Disk-wide accretion & starburst?
Rotation/pressure supported?

AO and HST/JWST imaging (mergers or disk?)

IFU spectroscopy (outflow? AGN? chemical evolution?)
ALMA (dense gas distribution? SF mode? kinematics?)
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Color-magnitude diagram
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Clumpiness
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Clumpiness=|




Stellar mass-SFR

10—
| ® clumpiness<2
M<2x10''Me M>2x10'°Me | ® clumpiness=>2 (o]
|| C] MIPS source . -
fraction of clum 10 ' E] g r? E
PY 14% (5/35) 56% (15/27) . | @ o [ [9 :
galaxy -~ ... o |9
— = o 2Some,
fraction of mips 0% (0/35) 52% (14/27) - L O o | o} 1
source B ‘..
fraction of clumpy | ) 4o 535 78% (21/27) ' ! ‘
or mips source |
I
10° PR | — g
10° 10" 10" 10'

l\’lst;n' ”\l . l



ZDEDAEIL

compact’iquiescent HEICESNhD 5K

galaxies 1‘%%

? dry merger

nuclear starburstZiE2Z UTWSIRTE (phase 3iR7) XFEDKSICEF K ZIE
b, WRZEEZITcDH?

E A Dquenchingh\SENERRDZE(L DT hH ?

A Dphase 3BAIDEILY v 7 1EHKIEn~1-2ZRLTW5S,

RO IFRCBIEZRITTWS2H,. EDprofile’ 8 5N TWRWATEEMEDH 5,
IRCS+K-bandiR&E Dproposalz i g & BELWH b,

T & LUTIE. nuclear starburstiC & > THILDICEDN K SAESN DD T,
NnDRELED, BNFEED/NE WAL TE S,

\7

DR 7T A2 HER A —]\—X




o RE DFEIR

Clumpiness : clumpD# TE . single coreldclumpiness=|
Dustiness : SFR(H & )/SFR(UV) TR £
Compactness : 2 Msar CEZo




SFR(UV) [M _yr ']

I
-

Dustiness

v v L | v v LA L AL L LN Tl
[ ] MIPS source 5
0
3 SFR(H )/SFR(UV)=| : E
" |SFR(H o )/SFR(UV)=3
o
2 .| 2 L y gl 1y
10° 10 10° 10°

SFR(Ho) [M _yr ']




3 'G.Iobal,prop.erties of H.« emitters.at z=2.2.
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g MAHAI:O Subaru prdj'ect

MAppmg HAIpha and Lmes.of Oxygen with Subaru (PI: Taddy Kodama) .
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Code and setup

fifl 2 DN — 12> 7 “zoom in” cosmological simulation% 175 7z,
1, Y= 7= —OFHmHNL S 2L —Yavrhofiizoa—2HD HT,
72h" Mpc cosmological dark matter simulation (Oser et al. 2010)
& :z=2,. M~10'°Me. dM/dt>500Me/yr. major merger L T\ 72 \»
2. 1Tl ML »m—ogiZEE(~5Mpe)Z T, NV A v EE L FHAREE2 T 5,
resolution : 8x105Me (XY # ¥)., 5x10°Me(¥— 7 ¥ ¥ —)

; 3 i P2 N 5Y ionization and heating by a uniform background radiation
code Gadget 2 (Sprmgel et al. 2005) N-b (Haardt & Madau 2001) in the optically thin limit, atomic

%i%ﬂﬂiOppenheimer & Dave (2006, 2008) cooling down to 7 = 10*K from hydrogen and metals,

star formation and feedback, as well as mass loss and metal

enrichment from asymptotic giant branch stars and supernovae
of Types II and Ia.

*ZD¥Ial—rarydDirhA{ ¥ - - - galactic windiji Dstellar feedback

n : mass loading factor

N=1% o BN L AREOERZBHL TSI LICK S,

Slallin=4%H <« HH\o stellar feed backZ W 31T\ %

BT DOfE(Genzel et al. 2011) E Mfta—F L T 523, Bl AN ENITIEFKRE &
NEWDD 5,

EFE A, i\ galactic windiZ B2 53 5L ABRX BRiEE 5,

1. R ECEIRREZ SR Y E OMEE (Oppenheimer & Dave 2006, 2009,
Dave et al. 2010)

2. MO E -4 )@ EBIfR (Finlator & Dave 2008, Dave et al. 2011a)



Radial .qu'or Gradient of Clumps

MIP8-detected H ¢ emitters
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Rotation of distant star forming galaxies
VLT/SINFONI(IFU) + AO = 0.15” resolution (~1.2kpc@z=2.38)
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Genzel et al. (2006, Nature)
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USS1558 proto-cluster (z=2.53)
"Mahalo-Subaru” L SFRo100Mlyr 1] | T
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Distribution and motion of gas
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“Main Sequence” of Star Forming Galaxies at z~2
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Stellar mass—SFR correlation for z = 2 star-forming galaxies in GOODS. Points are taken from the deeper GOODS-S field to K = 22. W
ed galaxies: passive/quiescent galaxies are excluded from this analysis. () SFRs denived from UV, corrected for dust extinction. (b) The Z
explicitly exclude all mid-IR excess galaxies. The large green squares are the result of the average SFR-mass relation in GOODS-N determi
< 20.5 galaxies in 3 mass bins. The blue line is SFR = ZOOM](}Q(M-_;; yr 1), where M), is the stellar mass in units of 10'! M_. The cyan sol
rrelations, taken from Elbaz et al. (2007), that have a similar slope of 0.9. The cyan dashed line is a prediction forz = 2 from the Millenniu
nock light cones of Kitzbichler & White (2007). The magenta star near the top shows the location of typical SMGs in this diagram.

Daddi et al. (2007)
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Double Sequence: “disk” mode + “starburst” mode
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Figure 1. Comparison of molecular gas masses and total IR bolometric luminosities: BzK galaxies (red filled circles; D10), z ~ 0.5 disk galaxies (red filled triangles;
F. Salmi et al. 2010, in preparation), z = 1-2.3 normal galaxies (Tacconi et al. 2010; brown crosses), SMGs (blue empty squares; Greve et al. 2005; Frayer et al. 2008;
Daddi et al. 2009a, 2009b), QSOs (green triangles: see Riechers et al. 2006), local ULIRGs (black crosses; Solomon et al. 1997), and local spirals (black filled squares,
Leroy et al. 2009; black filled triangles, Wilson et al. 2009). The two nearby starbursts M82 and the nucleus of NGC 253 are also shown (data from WeiB et al. 2001;
Houghton et al. 1997; Kaneda et al. 2009). The solid line (Equation (1), slope of 1.31 in the left panel) is a fit to local spirals and BzK galaxies and the dotted line is
the same relation shifted in normalization by 1.1 dex. The dashed line in the left panel is a possible double power-law fit to spirals and BzK galaxies. For guidance,

two vertical lines indicate SFR = 2 and 200 M, yr~ in the right panel.
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16,000 pair galaxies based on SDSS-DR7
Sep<80kpc, Av<300km/s, mass ratio (0.1-10)
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Figure 6. SSFR for pair galaxies with Av < 200kms~! as a function of projected separation (red points). The upper-left panel shows the full sample, other
panels are split by local density log £ < —0.55 (upper right), —0.55 < log £ < 0.15 (lower left) and log £ = 0.15 (lower right). The median value of SSFR
for the appropriate density control galaxies are shown as horizontal dashed lines. Black points show the control galaxies in projected separation bins that

correspond to the pair to which they are matched. .
Ellison et al. (2010)
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Figure 4. The fraction of pair galaxies (solid points) classified as AGN according to the S06 diagnostic as a function of projected separation. Open points
show the AGN fractions for the control galaxies matched to the pairs in each bin of projected separation. The panels show the full pairs sample (top left), only
the approximately equal-mass (major) pairs (top right), the greater (bottom left) and lower mass (bottom right) in unequal-mass (minor) pairs.
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What's the origin of the
environmental dependence?

Morphology(SFH) - M, , relation

Morphology - Density relation
(Dressler 1980)
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Nature? (intrinsic)

" Need to go higher redshifts when it

becomes more evident.

Nurture? (external)

Need to go outer infall regions to
see directly what's happening there.
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Broad-band colours (phot-z) are used to identify which emission line is in the NB filter.



Summary

* Mahalo-Subaru is mapping out star formation activities
across time and environment at the peak epoch of galaxy
formation and evolution.

» Inside-out propagation of SF in clusters.

* Red emitters are the key populations under the influence
of environmental effects.

» SF galaxies in the proto-cluster (PKS1138) tend to be
more massive, bursty, and dustier than those in the field.

* Clumpy nature of HAEs at z>2.

will reveal the mode of SF and
kinematics within the forming galaxies in proto-clusters.



