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Study of early galaxy formation & cosmic reionization
→ Observe high-z SF galaxies around Epoch of Reionization in rest frame UV
Dunlop+12

z=5.7

‐ - - Lyman break galaxy
Lyα line ― Lyα emitting galaxy

UV continuum
UV continuum

2 types of high-z star forming galaxies Selection of high-z star forming galaxies
Fluxes absorbed by IGM
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z ~ 8 galaxy candidate (Bouwens+10)

With UV light alone, we cannot reveal the entire picture of galaxy formation
Example of a z = 4.0 galaxy (Carilli et al.2010)

・Image = HST i’ band = rest frame UV continuum
→ light from hot ionized gas and stars
・Blue contour = 250 GHz (rest frame FIR) continuum
→ light absorbed and re-emitted by dust
・Green contour = CO 2-1 emission
→ light from molecular gas = fuel for star formation

Optical to near-IR (rest frame UV) wavelengths
↓
We see only an un-obscured part of galaxy formation
In my study, I also utilize

Submm to mm (rest frame FIR) wavelengths
↓
We can also see an obscured part of galaxy formation

[CII] line (rest frame 1900.54 GHz, 157.74 μm)
→ strongest cooling line of ISM = easiest to detect
→ suited for detecting distant faint galaxies such as high-z SF galaxies
An example of radio-submm SED of a SF galaxy with a SFR = 100 M⊙/yr at z=5
and sensitivities of existing (sub)mm interferometers

Key Sciences possible with [CII] line and dust continuum
① Morphology:
How do [CII] gas and dust distribute
over a galaxy?

② Dynamical mass:
[CII] image & spectrum

[CII] to FIR luminosity ratio
Venemans+12

→ Size of [CII] gas & velocity width of [CII]
line

③ Dust mass, obscured SFR:

z=7.1 quasar host

FIR (Dust) continuum

④ [CII] to FIR luminosity ratio:
This ratio changes with type of galaxy

z=6.4 quasar
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A target for the ALMA Cycle 0 Band 6 [CII] line and FIR continuum observation
z=6.96 Lyα emitting galaxy (named IOK-1), previously most distant galaxy (as of 2006-2011)
Iye, Ota & Kashikawa (IOK) et al. (2006)
8m Subaru
Telescope
Suprim-Cam
27’ x 34’Prime
Focus Camera)

Subaru
Deep Field

BB and NB filter images of a z=7 galaxy candidate

Flux density

Imaging & spectroscopy of z=7 Lyα was very difficult due
to a sharp drop in CCD sensitivity & dense night skylines.

skyline (10-18erg/s/cm2/Å)

Spectroscopic confirmation
of z=6.96 Lyα emission

Lyα line
at z=6.96

Observed wavelength (Å)

Observation
・Date: 20, 21, 26, 27 Dec. 2012, 4, 7 Jan. 2013
・No. of Antenna: 19 – 24
・Configuration: Extended Array
・Band: Band 6
[CII] line (rest frame: 1900.54 GHz, 157.74 μm; z=6.96: 238.7613 GHz, 1.26 mm)

・Integration time: 2.7 hours
・primary beam FWHM (FoV) = 26.70"
・FIR continuum image:
resolution : 1.1" X 0.76" in PA of -35°
sensitivity: σ = 18 μJy beam-1
・[CII] line image:
resolution: 1.27" X 0.87" in PA of 19.9°
sensitivity: σ = 89 μJy beam-1 for 200 km/s channel width
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1.26 mm (rest 158 μm) Dust Continuum Map
No significant signal
to extremely deep limit

1 σ = 18 μJy beam-1

Contours: ±1σ, ±2σ, ±3σ

1.26 mm (rest 158 μm) Dust Continuum Map
No significant signal
to extremely deep limit

1 σ = 18 μJy beam-1
↓

If we assume

Tdust=35.6 K, β=1.3

(average of 104 local SF galaxies
in the IRAS Bright Galaxy Sample;
Dunne et al. 2000)

3σ limits

Dust mass absorption coeff. L < 6.1 x 1010 L
FIR
ʘ
(Dunne et al.2000)

(integrating MBB over 8-1000μm)

Mdust < 2.7 x 107 Mʘ
Contours: ±1σ, ±2σ, ±3σ

obscured SFRFIR < 11 Mʘyr-1
Un-obscured SFRUV ~ 17 Mʘyr-1
< 39% of SF is dust-obscured

Effects of CMB on FIR Continuum (da Cunha et al. 2013)
CMB heating becomes
non-negligible at z > 4

star

Two effects:
① CMB heats dust to higher Tdust
In the case of
star = 18 K
Tdust

― Original SED
― CMB heating
- - CMB heat + bkg

star

star

Bν[Tdust(z)]*[ Tdust(z) / Tdustz](4+ β) / Bν[Tdust ]

② CMB is background noise

Upper Limits on Mdust, LFIR, Obscured SFR (corrected for CMB effects)
① Effect of CMB heating is negligible at z < 4.
② Tdust (z) and β of galaxies measured at z < 4 can be considered
star
not affected by CMB and Tdust
≈ Tdust (z).
star
③ At z ≤ 1, galaxies have Tdust
≈ Tdust (z) = 18 – 40 K and β = 1 – 2.
During the last decade, many studies have derived Tdust and β by fitting single
-component graybody (MBB) to the SEDs of local/low-redshift star-forming galaxies.
star

④ I assume z~7 galaxies also have Tdust = 18 – 40 K and β = 1 – 2.
star
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Upper Limits on Mdust, LFIR, Obscured SFR (corrected for CMB effects)
① Effect of CMB heating is negligible at z < 4.
② Tdust (z) and β of galaxies measured at z < 4 can be considered
star
not affected by CMB and Tdust
≈ Tdust (z).
star
③ At z ≤ 1, galaxies have Tdust
≈ Tdust (z) = 18 – 40 K and β = 1 – 2.
During the last decade, many studies have derived Tdust and β by fitting single
-component graybody (MBB) to the SEDs of local/low-redshift star-forming galaxies.
star

④ I assume z~7 galaxies also have Tdust = 18 – 40 K and β = 1 – 2.
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[CII] line Images & Spectrum

~ 3σ signal at z≈6.96. Is this [CII]?

z=6.9593

z=6.9588

This time I treat this as
non-detection

↓
For channel width 200 km s-1

1σ = 89 μJy beam-1
L[CII] < 6.3 x 107 Lʘ (3σ)

z=6.9583

z=6.9577

ALMA Cycle 1 observation will
provide definitive information

total SFR vs. L[CII]

Is [CII] line also a good indicator for SFRs of high-z SF galaxies?
● z=6.96 IOK-1 (This study)
■ z=6.595 Himiko (Ouchi+13)
▲ z=6.56 HCM6A (Kanekar+13)

Correlation found for
Local SF galaxies
(De Looze et al. 2011)
3 types of Lyα emitting galaxies
■ Intensely star forming
● Normally star forming
▲ Modestly star forming (lensed)
NOTE:
■ SFR estimated from SED-fitting
● SFR = SFRUV + SFRFIR
▲ SFR estimated from SED-fitting

Luminosity ratio: L[CII] /LFIR
If we assume

Tdust(z)=35.6 K, β=1.3
(average of 104 local SF galaxies
in the IRAS Bright Galaxy
Sample; Dunne et al. 2000)

z=7.1 quasar host

3σ limit with
no correction for effects of CMB

z=6.4 quasar

LFIR < 6.1 x 1010 Lʘ
↓
IOK-1 (z=6.96 SF
galaxy) is similar
to local galaxies

Luminosity ratio: L[CII] /LFIR
If we assume

Tdust(z)=40.17 K, β=2
The weakest 3σ limit
z=7.1 quasar host

z=6.4 quasar

with effects of CMB corrected

LFIR < 1.7 x 1011 Lʘ
↓
IOK-1 (z=6.96 SF
galaxy) is similar
to local galaxies

Outline
1. Background
2. This Study
● ALMA Observation of a z~7 star-forming galaxy
- 1.26 mm (rest frame FIR) dust continuum
- Ionized carbon 158 μm [CII] line

● Result
- dust continuum map, dust mass, LFIR, obscured SFR

- [CII] line map/spectrum, SFR vs. L[CII], luminosity ratio L[CII]/LFIR

3. Conclusion
4. Future Plans

Conclusion / Summary
Science Objective
To investigate dust-obscured side of a star-forming galaxy in the
epoch of cosmic reionizaion.

What I did
ALMA Cycle 0 band 6 observation of [CII] line and FIR continuum of
a z=6.96 Lyα emitting galaxy IOK-1

Results & Conclusion
(1) Undetected in both [CII] line and FIR continuum
(2) LFIR < 3-17×1010 Lʘ and < 23-63% of star formation is obscured by dust
(3) Local correlation between SFR and L[CII] might not apply to high-z SF
galaxies in the epoch of reionization
(4) L[CII] /LFIR is similar to those of local galaxies.
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Discovery of a z=7.215 galaxy (Shibuya, Kashikawa, Ota et al. 2012)

(current published redshift record!)
Shibuya, Kashikawa, Ota et al. 2012
Imaging observation Spectroscopy (PI Ota)
8m Subaru Telescope 10m Keck Telescope

z=7.2-7.3 Lyα Narrowband filter

A spectrum of a z=7.215
Lyα emitting galaxy

z=7.215 Lyα

~4200m Mt. Mauna Kea Hawaii

ALMA Cycle 1 Millimeter Imaging and Spectroscopy of
[CII] lines and FIR continua of z=6.96 and 7.215 Lyα emitting galaxies
(scheduled as a Highest Priority Program: PI Kazuaki Ota)

