. Over the coming*Decade, what wjll Hyper-SC and PFS
Y be doing to study

Cosmic Evolution of Star®ormation?
I\/Iatt Malkan’s fearless predlctlons

We'll be studying large numbers of galaxies across the full redshift range
Jack to.the epoch(s?) of formation, ruthlessly epr0|t|ng everwpectral
S|gnature in every available waveband.

This reyiew will consider each of them, in increasing wavelength orcﬁr.

P 2 ‘
Bias and incempleteness will remain big concerfis:

The first step is to be sure we FIND all the galaxies in each redshlft window
we search

+ Next, we will continue to agonize ov@r how to measure cleanly the ‘recent’
Star Formatlon free from problems of extlnctlon and AGN contamination

-~

%




‘<At z>1, ousk Survey starts in'the rest-frame Ultraviolet

‘ . ‘ »
- |
The single strongest feature in the entire spectrum 4

“of (nearly) all galaxies, especially at higher redshifts, is _°

*The Lyman* . & ' )L |
Break | (partly intringkc, partly IGM)

Finding 'LBGs’ in a given redshift band "Only*requires
EXTREMELY DEEP imaging in
* Qur shorteS't observed Waveband (space UV, GALEX, HST),

Or U-band (thinned CCDs on big ground-based telescopes)

-~

.




Search for Lyman “Dropouts has been.
* "atremendous succeSs story
¥
However, it does have some significant limitations:

1) many galaxies, especially the blgger ones, are glther too
.a)dust-reddened, er

b) toe old -
» to prdduce sufficiemtly dominant' UV continuum to prQuoe a

v detectable Lyman break (‘LBG’) -
2) Af higher redshifts there are a lot of impostero, including
a) very réd stars
b) very reddened galaxies &t intermediate redshifts 1<z<3

"¢) galaxies with .such strong emission lines that they cah
contaminate_the ‘broadband’ magnitude on the red side of
. the Blleged ‘break’ .




BX/BM(57%) NUV-drop(LBG-48%) sBzK(68%) pBzK(3%)

15 12 26 5 30

3%

Venn diagram for Subaru Deep Field-depth observations, at z~2
As z increases, more galaxies shift to the left side

(bluer and younger):
--> LBG method becomes the most practical. Ly et al. UCLA thesis



Conctusrons from the S’ubaru Deep F|eId )
The Ilmrtatrons of broadiband CO|-OF selectlon of
Galax|es at z 1....3 . ey Nl g

o "1 No smgle “cotor’ selectlon technique E,able to |dentrfy the broad-
K '_.‘ . range of gaIaX|es atz=1-3 with' curren#depth..Must merge at'least two ‘
i of them mcludlng near-IR photometry T&n We cao get ~90% of them-.;--.
il 2 Over h_alf of the SFR denS|ty (from K<24 gaIaX|es) conS|s‘ts of
’.-~gaIaX|es with E(B V) >0.25 mag. Dusty galaxies-are |mpoftant and
e we may not trust thelr observed UV Lumlnosrty to glve us reI|Ie SFR

Lo .3 Our narrow band (7 fllters) seJectlon flnds a broad range of Subaru

i Deep F|eId emlssmn line gaIaX|es at specrfrc known redshlfts S

_'~'-At z~1 5 most galax/es have rest—frame opt.rcal emrssron lrnes- '_ e
4 At z>3, everyihing gets .vgry_-p,r‘o'b.remafisf,~v-:-‘;,_j;._j_.- o

. A . .- . e - vo.
L -y . o b A . ‘ : ; \ 2 . $ o freg >
s 11 AN . . . - by . ' ' .
s . th ESRATG Cay ¥ ; ‘. - . }- e 2




' ’ FoIIO\'/vupSpectroscopyof NBLmeEmltter S.'”SDF iy

- - R W . &k 4 il 4 A
. . - B * 3 ' . o R R
o W it W HEESR oLt
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5 Narrow-band fllters in SDF Cover one th1rd of0<z<1 0 redshlft space
and two Intermed¢ate band filters doubléthat o Ehieyo S s A

Rc IA679
NB704
[ NB711

IASG8 »
V NEB816

0.2

Total System Response
o
BN
Tlillll]lll]ll

|
] L ' '7'1-'."‘?. i MR S
! z}‘ A\ \ Rl LA Lt L ANSUS AR ER S 4 . DRURUIE CF (% SU'

5000 6000 7000 8000
Wavelength (Angstrom)
Ho - l | I I 1 . . 1 I 1 I l I I 1 { l |
[ON]HB| B Bl 7 1 Z B % B
Ol | 1 1 1 1 l - 1 !! l | l 1 L l l -_
0.0 0.5 1.0 155
Redshift

Fig. 1. Top: Total system th roughp'u for the VRgi'z' filters (gray dashed lines) and ht IASIR, l\()T‘) NB704, NB7T11, NBS816,
NB921, and NB973 filters (black solid lines). Bottorn: Redshift ranges probed when Ho, [O ], HA, and [O 11] are redshifted into these
filters. The SDF probes 64% of redshift space and 67% of comoving volume at z < 1.03.
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“You can cover a wide sangé of (high) redshifts with™ optical
spectroscopy, IFF you can boost the areal covergge,

R e | . .

You can cover a huge area with deep imaging in narrow-,
band interferrence filters (tuned to avoid the worst night- sky
wavelength$)




ity i e z
Lyman-{¥] 'seems ideal for our purposes, at first...

-

It is recombinatiort line emission from Hl reglons around hot
(young) stars, and

!

.. _ ' ' : : >
It4s stronger assyou g0 to higher redshifts (ie more ‘likely in
emission, with larger Equivalent Width) -

R

The Big Problem’is knowing how much Lyman-{¥]} escapes
the galaxy a.nd reaches Earth
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At zz3, orly ~1/3 of LBGs

have strong Lya emission,
While MOST LBGs do at
/~0 -->

In SDF, Kashikawa, MM

et al found that number of
LAEs falls sharply from
z=5.7#t0 6.6 .

(since there is no such drop in
UV-continu¥n emitting galaxies,
is this signaiune“of cosmic
reionization, with Hl in IGM #
prefererMally absorbing

Lya ?) ‘




AN

Woul 't it b\e won

Could ge Slltless SPe gctroscopy
So that we ould com \ne both

The W|de redshift rane ANBHE,

’Q*

0'.’:'-7"5 --! \ o
And do this in the Where ur begt "
Diagnostic Imes get re sh|fte |

\ N \\'\ﬁ

S

Hubble makes the - K
Wide Field Camera-3 Installed. Its IR A
imaging and slitless (Grism) spectroscoyi
are ~20 times faster than NICMOS.

It can operate in “Parallel” observing

mode, staring deeply at sky regions

‘for free’, while another Hubble

instrument hammers at its primary targe




WFCS Infrared Spectro‘sceplc Parallel Survéy
We are gettmg good si:rence at no cost to HST

Random flelds near some brrght objects of lnterest te COS | | -

. Nt v v . f
pe g :
. PaSRa XA .
Flaa Ny . o -
; s ecuet Maate 8 I ‘
B B i R Py TSN 10N s TE0%
L L e iy ) E ; ‘e Rt e T % ) v, ;
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VWASP Observations since*2010:
1.68m Direct Image (3 Arcmin FOV) 3 Prism-dispersed Imade

——— A r T= g
Ao ."."-fv? i} N Y : AL e B N S

1. Search ig IR, where strong optical emission lines shift at higher z;
2. Continuous wide spectral coverage (0.8--1.7um) samp®s large 3D volume in*
multiple lines

3. Many.independent fields (>300 safar), overcoming Cosmic Variance




ThIS screen capture ofa small plece of one frame don t do Jut|ce to the data
. _ L i
‘But}here are emlssron I|nes aII over the place S s

We are far better off with the

Ubiquitous and well-understood

Rest-frame optical €émission line

DIaanSt[CS : ' Z‘e‘r\otrrerder images o———
IFF-we're'willing to roll up our

* sleeves and push spectroscopy L se——
. .out into.the near-InfraRed o

WISPers: MM, Pat McCarthy, Harry Teplitz, Alaina Henry, Brian Siana, James Colbert,
Claudia Scarlata,.Bob Fosbury,‘RH'dT@W'BTﬁREr Crystal IVIaFtln Carrle Brldge
.Alan Dressler ﬁaklm Atek Nate Ross T _ S

AT
N -
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WFC3 Infrared Spectroscoplc Para/le/s,. - T
5 ---WlSPS comblnatron o\ e e e o ek -
two(overlapprng) Grlsms grves Wlde & S
. spectral-Coverage - Fo Tt i ‘
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' slitless’s 4ectrosco I from ground is o :
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Montage of prelif high-EW subsamplé (Atek et aI: 2017)

Wavelength [um)




WIS reaches very Deep, S S A
dowt to H>25 Dwarf |e TYPlcaI Galakles from Z O 5--3

F’r.ellmlnary results ﬁrom a few percent of the fulﬁurvey (onIy hlghest £
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Broad-|jne (Seyfert 1) Active Galactic Nuclei:*

HMul AlUB30

Strong S lines say this is

The Narrow Line Region of ;
a Seyfert 2



_Are the WISP extreme -emission-line gaIaX|es just z<2'LAEs?

L
| ..Not only... ,
/ Ground-based foIIowup--lmaglng andggpectroscopy

+  Keck/LRIS spectra of two WISP galaxi.es with @qually strong
[Q.III] emission lines in the near-IR:

It's very hard to predict Lyoc at z= 2
How about at .z,>6??




i WISP |s so sensmve to falnt Hoc (the Gotd Standard Star Formatlon Rate S

’vlnc]cator) at; ;( e points Bfe z=1 2) i R e
~WISP reaches the same: dwarf Irreg’utars at the thtem.of the Iocal (z~0) LF
-»-_4.‘(<O 1 Solar Mass/Year), .- e g e S

—
o
0
| l'lllll

A T rrrnnm

B 0.3<2<0.9 ;
@ 0.9<z<1.5

F o Shim et al. (2009); 0.7<z<1 4
A Sobral et al. 2012i z=0.84
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Sobral et al. (2012); z=1.47
Gallego et al. (1995); z=0
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log (Ly,) [ergs s_l] Colbert et al. 2012
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Extrgme Line-Emitters are. numerous!
Huge Equivalent Widths --> , "
| ‘Huge Specific Star Formation Rate (mass-normalized)

\ery High lonization--> Low Metallicit .

5":&39"#',! RS .o coieons o

&J-_ s PR FUUTR TN 6141

0 Ww‘w\m.ql ~ '\)w',gﬁtm P ’vv -W

4000 4200 4400 4800 4BOO 5000
Wavelength |A]

e [CMN)S007

L

C) 0 20 40 60 80
Nebular Contribution (9%)




Broadband Spectral Energy Dlstrrbutlons serlously altered

’By Emlesron Lies: . i, R o

-

-SEDS uncorrected for EI\/I I|nes (black) wrll.overestlmate stellar mass, ., - =
sometlmeslby factors of séveral, and also mess: up’ other params (eg '
~dde),- ..+ and prodiice FAKE. DROFOUTS. - < w0

Rest—frame wavelenglh A m] Rest— lreme wavelen th A [um
6 i & o A umly,
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Instead, let's turn strong emission lines'to our dadyvantage:

Let's do (alfernate) search for the Lyman- ¥] emission line

# You can cover a wide range of (high) éedshlfts with optical
real coverage, -

spectroscopy, . IFF you can boost the

*You can coyer a huge,area with deep imaging in rfrrow-
band interferrence filters (tuned to avoid the worst nlght sky «
wavelengths)

3017-NB921) —
2013-NB921) -~

You can embrace the strong Lines,
and even cover a wide redshift range

AND area if you search for narrow-
band DEPRESSORS--

spectroscopically confirmed
« at'Keck (Nagao et aI 2008)

[yes,
Depression makes

me Happy!]




Seleotlng Galaxres Thru thelr L-|ne Em|SS|on o
lProvrdes a Completely leferent Perspeotlve orrthelr Evolutlon

_ CExils the nloe cIarmed i

: ~7" ) oorrelatlon of stellar mass. wrth

" ..+ SFR'partly an arfifact of |
¥ e selectlon baSed on oontlnuum

. ma,gmtudes? i « 2

Lower rrght srde is Censored
beoause oId/red/dead gaIaxres
- are. very farnt % e

Upper Ieft srde has pIenty of strong- |
.+ linezemitters prevrously |gnored, P
- ".but\found by WISP .

L spread of 100’s X |s NOTA
L “MAIN'SEQUENCE”, It is an.
"'*.“,"_;';.'_average wrthatrend once ',
-~ agdin showing the dangers of-.
- ploting.Luminosity (UV) Versus:
- kurminosity (pear<IR) and - = - :
- “*=7_reading too'much into the .~ . . Log(Mass) M)
i ._..',;resultmg slope 1 oorrelatlon ‘ o

Q
-

‘chtsFm IM; ]

Atek et al 3810




What About Correcting SFR for dust-Extincti’on?
4 :

Simple Kennicutt assumption of one magnltude co.rrectlon to
H¥] may be mcorrect . -

We now have the near-IR spectroscopy to start ChECking




L/M Trends in WISP Em|SS|on Line GaIaX|es af z~1 5
More

luminous/
_massive
sgalaxies

have

Balmer decrements

giveé re

.

ddenings

which are on

average small,
except for massive
galaxies

F 1 [Arbitrary units]
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Hpy if (o
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Dominguez, et al 2012
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Balmer Recrements in SDF: Gold Standard for Av<2

Gas'reddening increases

+With stellar mass [Claus
mentioned that UV
comtinuum from gtars is also -
moresreddened in more = *
' massive galaxies]

10

- . » i
» . 8
In most numerous (sub- g
2
the ‘canonical’,] 3
I

magnitude (Kennicutt,
local spirals)

>50 detected m
3—50 detected O
Z2—30 detected A

t—statistics
t: 1.49

v : 37

P : B56%

0.40 (NB921 H%)-I
0.50 (NBS73 H

=22

—18
My (magq)

—20 Ly et al 201%




Can We salvage SFRs at higher redshifts from

F
Probably yes--we«can

Predict Ha from UV
Continuum, or from [Oll]
and bQth of these SER
Indicators arer consistent
»But it iS'far more
sensitive to dust
extinction, so caution -
IS needed

log(L(Oll)[erg/s])

42.2

42.0

41.8

41.6

41.4

41.2

41.0

40.8

Tfe far more accessible [O11]3727 line?
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WISP Galaxies:have Remarkably Extreme kow Metallicities
’

Line ratios 9.5
appear

t@ be
wrecking
all Mass/
Metallicity
relations, o
&Jnless it
IS their

Preliminary

9.0

extreme
high sSER
values

&
=)

12 + Log O/H
~o—
(o

e This work

W Stacked (z~1-2)

¢ Individual (z~1-2)

— Tremonti et al. (2004; local)

7.5}

7'9.5 8.0 8.5 9.0 10.0 10.5 11.0 11.5

9.5
Log M/M 0 Henry, et al 2012



+ + The [OIN] Problem at 7500

* gotarburst Galaxies are Different from local ones:"
Extremely High-lonization at Low Luminosilly !
It may mess up our key-line ratio diagnostics, such as the BP¥

“diagram: . : »

Purely (?) Star-forming galaxies are shifted towards the
* “Composite” (AGN+HIl)region, due to their excessive ®nization

L2 | T
1.0} el 43
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O -o.5; S50 ees \
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5 ¥ » L vrs b
o » Green Peas (Cardamone et al. 2009) I $2\ '/
P . A ‘
-1.0f|* UVLG (compact; Hoopes et al. 2007) /. g ! ‘(]
=U.or 20 \ . —
+ UVLG (Hoopes et al. 2007) 2 vl :
o 7>2 (various authors) Henty et al 2010 . . SDFiChun et al 2012
=Y ' 1 ‘ x T mS/N(Ha Z 5, S/N([NII]) 2 25 N=29/5 i
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| FoIIow-up Spectroscopy of NB Llne Emltters in SDF
-Analyzmg "“1000 >[widi ™ s [Tamicz T sie] [Thwgos T 5o ”"“n“ 6.90| | MwTgos s.éa
- SDF spectra, .

primarily from |

-MMT/Hectospec" -
. and Keck/ -
* DEIMOS, Chufi
Ly found twenty
- with [OIll] 4363
line em|SS|on—-> ‘
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2 S AT 3.5

., Folioh-p,Spectrascopy of NE I
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oo
o

1

o

rnQr >
-

g

~J

3
T

12+log(

- - b
. [ g N Y e Ve = - H -

7.0 - O Hoyos2005 O This Sample
F A Brown2008 A Kokozu2007

' An.afly-ZinQ'”QOO’SDF Spectra, RRRERN o[ Geo2012
- * primarily from MMT/Hectospec.and. = "« 107 105 107"
~ Keck/DEIMOS; Chun Ly found twenty Bl & e s e g €
W|th [OIII] 4363 line em|SS|on--> | S
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* “Direct Te Method” for Me-tallicifY—-? |

Most of these galaxies are metal poer, !
some as low as the lowest O/H values 09(Maw/Mo) |
‘seen in local universe’(in a million '

Sloan spectra)
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WISP . .
WFC3 Infrared Parallel Survey Bedregal et al 2012 Pa SS lve G a IaX|eS

Among the ‘brighter” WISP galaxies, MANY have Identiﬁabg absorption line Eectra, especiglly
the HK/Balmer break, so our sdrvey does not miss the massive ‘red/dead’ population
- . »

Rest frame wavelength
SOOO 4000

tD=Par66 216 Zonat= 2. 3100 Log
[og(M)=11.40 Log(SFR)= —2.68

’ .
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- What about the Obscured Star Formation?
(Av>3mag starbursts have optical line emission is buried)
We can study it locally-with IR recombination lines, but at z>0, we must observe

Re-radiated Thermal IR Emission from Dust,
Althalugh this is less specific than optical emission lines, Likely@fail at low SFR
(where Cirrus is relatively strong), orwhere an Active Nucleus warms 60um dust

(ISOPHQT--Spinoglio, Andreani, Malkan 200%) |R Luminosity shows rge Redshift
Evolution, same as H{¥]
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7.7Tum PAH fé'atyre IS the strongest and most informative spectral signature,
Mostly powered by young stars

PAHs can dominate an entire broad mid-IR bands

Now AKARI/IRC/NEPs(with 9 IR fllters 3--24um) can measure
them at z>1:

T. Takagi et al.: Polycyclic aromatic hydrocarbon (PAH) luminous galaxies at 7 ~ 1

In local galaxies, the 13 — 7T T
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To study Dusty Star-Forming Galaxies at the highest
redshifts, we need to exploit a ‘trick’-- the ‘Positive K-
corrections’ of dust emission from galaxies when
observed in the Sub-Millimeter
*ALMA is the Game Changer”
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Hi! ’'m a distant galaxy, happy to meet you.

ALMA, combined with the South Pole
Telescope (SPT) brings my smile.




Are the strong emrssron I|ne galaxres found by WISP
And SDF also Lyman aEmltters? L
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The South Pole Telescope Survey

Pl: John Carlstrom (Chicaco)

Cosmological survey to study CMB find structure
& SZ signal from Galaxy clusters

SPT operates a 3-color bolometer array at 3,2 & 1mm
Survey covers 2500 deg?; typical rms at iamm: 3.5 mly

Byproduct: large sample of strongly lensed high-z sources




SPT (byproduct) surveys thousands of
square degrees; some are far enough

north to use SMA for localization

SPT 2332-53 z=2.7293 9.8 hr 5.4 mJy rms 4.80
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Cluster lens @ z=0.404, background SPT source is a strongly (20x)

gravitationally lensed TRIPLE, .
But most SPT sources don't look like this!



What are strongly lensed DSFGs good for?
120 [T T
" ] 1
Background Source: 100 APEX/Z-Spee
: ! :
80 ' I 1
° Provides random sample individual sources which make ? co |
up the CIB in great detail. x10 brighter = ;. i |
~100x less telescope time 40} [0 L i St e :
Al J_ﬂilnu’ﬁ'!dl! l RMS=7.4.mJ¥ !
. Lensing increases angular diameter on the sky. = 20 A P “"ﬁ:‘:‘:’:;;’ e
We have a cosmic microscope to provide high angular ' | il
resolution of the ISM at high redshift, probing Kpc scales 0 . TR
. Detailed spectroscopy of CO, C+, H20 (and other lines) 200 220 240 260 280 300

is finally possible at high redshifts.

Foreground Lens:

Study in detail the (foreground) lens galaxy =
Study M/L ratios of massive halos out to high redshift,
and Sub-structure in lensing halos




ALMA observations of strongly lensed high redshift SMGs
from the South Pole Telescope survey

the SPT-SMG team

James Aguirre (UPenn) Chris Fassnacht (Davis) Eric Murphy (Carnegie) _—
Matt Ashby (@fay===" - Anthony Gonzalez (Florida)uswwww - Michael Rosenman (Penn)
Matt Bothwell (Arizona) Thomas Greve (Copenhgn.) Keren Sharon (Chicago) "
John Carlstrom (Chicago) Yashar Hezaveh (McGill) Justin Spilker (Arizona)
Scott Chapman (Cambridge) Matt Malkan (UCLA) Brian Stalder (Harvard) -
Tom Crawford (Chicago) Dan Marrone (Arizona) Tony Stark (CfA) i
Carlos DeBreuck (ESO) Joaquin Vieira (Caltech)
e Axel Weiss (MPIfR)
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ALMA Band 7 350 GHz extended configuration 1 minute snapshots:
Because of the steep fall-off of the LF, observing z=3--6 SMGs
Greatly increases odds of gravitational lensing, from single galaxy

‘» ’f - N . -
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Only through the combination of strong gravitational lensing, the SPT
selection, and ALMA followup is this result possible



Lens models

Zs=5.67 ;2. ~0.8

re =1.1 arcsec

ML= 3.7 x 10" Msun

Rz = 0.6 kpc

LFIR =3.7 X 1013 Lsun
8850um =25.5 mJy

Zs=4.22 ;20 =0.27

re = 1.4 arcsec

ML=2.4 x 10" Msun

R12=1.1 kpc

Lrr = 3.8 x 102 Lsun

Sesopm = 4.8 mJy

zs=3.37 ;z2.=0.13

re = 1.5 arcsec

ML=1.6Xx 10 Msun

R12 = 2.4 kpc

LFIR =3.8Xx 1012 Lsun

Sssoum = 13 mJy

Z2s=2.782 ;z2.=0.4

re = 2.0 arcsec

ML=7.2x 1011 Msun

R12=1.0 kpc

Lrr = 4.5 x 102 Laun

Sesopm = 6.1 mJy

SPT 0346-52

SPT 418-47

SPT 0529-54

SPT 0538-50

dirty image model image residual

source model
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Gravitational Lens Modeling

Yashar Hezaveh (McGill grad student)
Hezaveh, Marrone, Fassnacht, Vieira, et al. 2012, Submitted to ApJ

* model ALMA visibilities with a custom and statistically robust technique

* we know there are phase errors in the antennas, we incorporate the self-cal phases
into the MCMC model fitting

-->models work amazingly well!

* this technique can set limits on dark matter substructure

" lens model--very 3
- specific s
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Flux Density (mdy)

Did you mistrust those single-dish spectroscopic redshifts with carbon monoxide?

SPT0345—-47 © z=4.2957

CS0O/Z-Spec Scott et al. 2011
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ALMA Band 3 CO Blind Redshift search:

With 5 tunings you probably cover enough
\ R\ | ' '\' | ’ ' ' |~.‘. ! " . %

I(1-0)
\ CcQ(5-4) COX6-5)

120

= 2 lines, unambiguous z = 1 line, ambiguous z



: : : ALMA Band 3 3mm compact configuration
First blind CO redshift survey 26 sources: 44 lines detected

with ALMA--works beautifully 5 tunings in the 3 mm band

10 minutes per source
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[ClI]158um at z > 4 detected with APEX/FLASH in ~few hours:
Opens a new window on ionized gas in most distant galaxies
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Conclusion: ¢

. 4l ALMA can find NORMAL -
e Galaxies at ‘any’ Tedshifts;

»

- When BAND 10 i‘eady,
ALMA ean study them in
almost the same detail as
we have been doing for
Local galaxies
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*ISO/LWS Spirioglio & Malkan proposed Strong far-IR { Jline diagnostics:
quieScent g'alaxies are PDR-dominated, ¢

starbursts produce more O++, while Seyfert has O I from denser gas
ALMA Band'10 will allow this for gala’xies out to the highest redshifts!






