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1440
z~8:  6 galaxiesz~6-7:  9 galaxies

from HUDF12+HFF



HUBBLE FRONTIER FIELDS 2 / 14

Combines the Power of the Hubble Space Telescope
with the ”Natural Gravitational Telescope”

6 Cluster & 6 Parallel Fields
Depth: ~29 mag (cf. HUDF ~30 mag)



ABELL 2744 DATA 3 / 14

35→31 galaxies at z~6-7 (i-drop)
15→ 8   galaxies at z~8 (Y-drop)

Cluster Field Parallel Field

STScI



MASS MODEL CONSTRUCTION4 / 14

glafic (Oguri 2010)

Parametric modeling method

3 NFW profiles as dark halo components

Member galaxies are modeled as elliptical pseudo-Jaffe models

External shear

24 sets of multiple images

Will be updated using ~51 sets of multiple images

χ2 = 52.8 while NDOF = 41, where σpos = 0.4 arcsec
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Lens Models and Input Data
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Interactive Displays
Download Models (FITS maps)
Input pre-FF HST Imaging
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Interactive Displays
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Input pre-FF HST Imaging
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Input pre-FF HST Imaging
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MACS J1149.5+2223
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Download Models (FITS maps)
Input pre-FF HST Imaging

Interactive Web Tool - Magnification Calculator

We have developed an interactive web tool which calculates the magnification and uncertainties for each model, given an input
RA, DEC, redshift and (optionally) an lensed image radius. The magnifications at a given redshift are calculated directly from the
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Interactive Model Magnification Web Tool
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Fit galaxy light profiles with 
lensed and distorted Sérsic profiles.

Lensed by 
the mass map

Correct the 
output re & MUV 
for magnification

Image Plane Source Plane

Observed Image

Our Method

Ordinary 
Method

Profile 
fitting

Profile 
fitting

Distorted 
Sérsic profile

Undistorted 
Sérsic profile
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Kawamata+14

z~8: 14 galaxiesz~6-7: 40 galaxies

Positive but weak correlation
Large scatter as expected from the simulated 
halo spin parameters



DEPENDENCY ON 
COLOR & MULTIPLICITY
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z~6-8 
(merged)



DEPENDENCY ON 
COLOR & MULTIPLICITY
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Largest galaxies are mostly red and smallest galaxies are mostly blue.

Galaxies with multiple cores (□) are bright.

Kawamata+14

z~6-8 
(merged)



STEEP SLOPE OF 
SIZE-LUMINOSITY RELATION
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The slopes of z~6-8 galaxies seems to be steeper than 
those of z~4-5 galaxies.
They are similar to the slope of local irregular galaxies.

Kawamata+14
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Measurements of sizes and magnitudes 

Properties of z~6-8 galaxies

The redshift evolution of sizes and its 
implication for disk formation and evolution
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Kawamata+14

Nontrivial Assumption: 
the half-light radius scales with 
the virial radius

One can get information 
on what halos are traced.

rhalo �
�

(1 + z)�1.0 (Mhalo = const.)
(1 + z)�1.5 (Vhalo = const.)



ESTIMATING HALO RADII FROM MUV
11 / 14

The ratio of half-light radius to halo radius is 
constant at 3.5% over z~2.5-9.5.

Abundance matching
(Behroozi+2013)

Luminosity

Stellar Mass

Halo Mass or 
Halo Radius

Mass-Luminosity 
Relation

(González+2011 etc.)

Kawamata+14



DISK FORMATION MODEL 12 / 14

Need to know the angular momenta of disks
λ and c are well determined by N-body simulations. (e.g. Bullock+01)

jd and md depend on baryonic physics and are not reliably predicted.
Too small disk sizes at given luminosity are thought to be a result 
of small angular momenta of disks.

jd:   angular momentum ratio of disk to halo
md: mass ratio of disk to halo
λ:   spin parameter of halo
c:   concentration parameter of halo

Mo+1998
re

rvir
=

1.678�
2

�
jd
md

�

�
fc(c)

�1/2fR(jd/md,md, �, c)



jd/md OF HIGH-Z GALAXIES 13 / 14

λ and c are well 
determined by N-body 
simulations.

fR weakly depends 
 on jd/md and md.

re/rvir strongly depends 
on jd/md.

The observed size ratio is consistent with jd/md = 1

Mo+1998

re

rvir
=

1.678�
2

�
jd
md

�

�
fc(c)

�1/2fR(jd/md,md, �, c)

Kawamata+14
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Measured sizes of 31 z~6-7 and 8 z~8 lensed galaxies
Used our own mass map
The ratio of half-light radius to virial radius is constant at 3.5%, 
which is consistent with jd/md = 1
Positive but weak correlation between re and LUV

Largest galaxies are red, and smallest galaxies are blue
Galaxies with multiple cores are bright
The slopes of z~6-8 LBGs seems to be steeper than those of 
z~4-5 LBGs.

SUMMARY

FUTURE WORK
Quantify the typical size by the modal value
Measure sizes of low-z galaxies with the HFF data


