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ABSTRACT

We selected 47 DOGs at z ∼ 1.5 using optical R (or r
′
), AKARI 18 µm, and 24 µm color in the AKARI

North Ecliptic Pole (NEP) Deep survey field. Using the colors among 3, 4, 7, and 9µm, we classified

them into 3 groups; bump DOGs (23 sources), power-law DOGs (16 sources), and unknown DOGs (8

sources). We built spectral energy distributions (SEDs) with optical to far-infrared photometric data and

investigated their properties using SED fitting method. We found that AGN activity such as a AGN

contribution to the infrared luminosity and a Chandra detection rate for bump and power-law DOGs are

significantly different, while stellar component properties like a stellar mass and a star-formation rate are

similar to each other. A specific star-formation rate range of power-law DOGs is slightly higher than that

of bump DOGs with wide overlap. Herschel/PACS detection rates are almost the same between bump

and power-law DOGs. On the other hand SPIRE detection rates show large differences between bump

and power-law DOGs. These results might be explained by differences in dust temperatures. Both groups

of DOGs host hot and/or warm dust (∼ 50 Kelvin), and many bump DOGs contain cooler dust ( <∼ 30

Kelvin).
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1. INTRODUCTION

Infrared luminous galaxies (LIR > 1011L�) dominate

the bright end of the bolometric luminosity function of

galaxies in the local universe (Soifer et al., 1986). Their

role in the history of galaxy evolution is not yet under-

stood, but it is likely that their vast infrared luminosities

(LIR) are the product of an extremely active phase dur-

ing which these systems form stars and/or grow their

central black holes at a rapid rate in the region hidden

http://pkas.kas.org

by dust. Studies of the extragalactic background have

suggested at least one third (or half) of the luminous

energy generated by stars has been reprocessed into the

infrared (IR) by dust (Lagache et al., 1999) and that the

contribution of infrared luminous sources to the cosmic

infrared luminosity density increases with redshift, espe-

cially at z > 1 (Goto et al., 2010). Therefore, in order to

understand the cosmic star formation history, studying

infrared luminous galaxies is inevitable.

Dey et al. (2008) used Spitzer to select optically-

faint ultra-luminous infrared galaxies using a very sim-
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ple optical and mid-IR color (R − [24] > 14 Vega mag-

nitudes), called dust-obscured galaxies (DOGs), lying

at z ∼ 2. DOGs can be divided into two classes ac-

cording to the nature of their mid-IR spectral energy

distributions (SEDs), one is galaxies showing the rest

frame 1.6µm bump in their SEDs indicative of the pho-

tospheres of late type stars (bump DOGs), and the other

is those dominated by a power law in the near to mid-IR

(power-law DOGs). Hence, DOGs could be keys to un-

derstanding activity (star-formation / AGN) hidden by

dust at high-z. However, Spitzer lacks filters between

8 and 24µm (the critical gap between the Infrared Ar-

ray Camera (IRAC) and the Multiband Imaging Pho-

tometer (MIPS), excluding the tiny IRS peak up array

at 16µm), although SEDs of star-formation dominated

DOGs and of AGN dominated DOGs are significantly

different at mid-IR wavelengths. In contrast, AKARI in-

frared satellite/InfraRed Camera (IRC) covers 2 – 24µm

continuously without any large wavelength gaps. In this

work, we study the properties of AKARI / IRC detected

DOGs using the continuous mid-IR AKARI data with

multi-wavelength photometric data (from X-ray to far-

IR), and fitting the SEDs from the optical to the far-IR.

2. SAMPLE SELECTION

2.1. Imaging Data

AKARI carried out a deep survey program in the di-

rection of north ecliptic pole (NEP), the so-called NEP-

Deep survey (Matsuhara et al., 2006), extensively ob-

served in all the available IRC 9 bands (N2, N3, N4,

S7, S9W , S11, L15, L18W , and L24). In this survey,

11349 mid-IR sources are detected (Murata et al., 2013).

The field is a unique region because many astronomical

satellites accumulated many exposures thanks to the na-

ture of its position on the sky, and ground based tele-

scopes deeply observed the region. The Subaru/S-cam

deep images (B, V , R, i, z) covers 40 % of the NEP-

Deep field. The CFHT/MegaCam (u∗, g
′
, r

′
, i

′
, z

′
) and

WIRCam (Y , J , Ks) images are not as deep as S-cam

images but cover almost the entire field of NEP-Deep

field. By combining these data with Herschel/PACS and

SPIRE data, we can build optical to far-IR SEDs.

2.2. Sample Selection

Our sample is selected from the 0.5 deg2 region of the

NEP-Deep field with S-cam R-band and CFHT Mega-

Cam r
′
-band. The criteria for selecting DOGs are as

follows:

Scam R− (L18W or L24) > 7.5 (AB) mag (1)
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Figure 1. The redshift distributions of bump DOGs (solid

bars), power-law DOGs (shadowed bars), and unknown

DOGs (open bars). The redshift distribution of all AKARI-

detected sources is overplotted as a solid line.

or

MegaCam r
′
− (L18W or L24) > 7.5 (AB) mag (2)

& MegaCam r
′
< 25.9 (AB) mag. (3)

Since the L24 filter is not as sensitive as the L18W

and the L18W filter covers almost full range of the L24

filter range, we used not only L24 but also L18W filter

for the DOG selection. Since the S-cam data are deeper

than MegaCam data, we used the criterion (1) in the

Scam field, while outside of the S-cam field we used the

criterion (2). The MegaCam data are not deep enough

to detect most AKARI DOGs, especially those detected

at> 5σ at L18W , so we also applied criterion (3). More-

over, we removed AKARI sources blended with nearby

sources to prevent fake DOGs in our target list. Fi-

nally, there are 110 sources satisfying these criteria in

the NEP-Deep field.

To measure photometric redshifts (zp) of the DOGs,

we used a SED fitting code Le Phare (Ilbert et al.,

2006). For the DOGs located in the S-cam field, we

used S-cam 5 bands, MegaCam u∗, g
′
, r

′
, and WIRCam

Y, J,Ks bands for zp calculation, while DOGs located

outside of the S-cam filed, we adopted zp calculated by

Oi et al. (2014).

In order to measure reliable physical parameters of

DOGs, in this work we added more rigorous criteria for

selecting DOGs and created secure subsamples. First,

we selected secure targets with 0.5 < zp < 3, be-

cause during the zp calculation the SED fitting code

sometimes misidentifies the Balmer break and the Ly-

man break causing miscalculation of zp between low-z

(z < 0.5) and high-z (z ∼ 3−4). 47 secure DOGs are se-

lected. Next, we classified the DOGs into star-formation

DOGs (bump DOGs) and AGN-like DOGs (power-law
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Figure 2. Examples of observed SEDs classified as bump

DOGs (top) and power-law DOGs (bottom) with the best

models using CIGALE (red lines).

DOGs) using N3, N4, S7, and S9W . Bump DOGs are

expected to show the stellar-bump at rest-frame 1.6µm.

On the other hand power-law DOGs are expected to

have monotonically increasing red spectra in the mid-

IR. We therefore classified into bump DOGs with the

following criteria of (4) – (6), and into power-law DOGs

with criteria of (7) and (8). If a source does not meet

both bump and power-law DOG criteria, then it is clas-

sified as an unknown DOG.

fN3 ≤ fN4 & fN4 ≥ fS7 (4)

fN3 ≤ fN4 & fN4 ≥ fS9W (5)

fN4 ≤ fS7 & fS7 ≥ fS9W (6)

fN3 ≤ fN4 ≤ fS7 ≤ fS9W (7)

fN4 ≤ fS7 ≤ fS9W , (8)

where fX represents a X filter flux. In total, the number

of sources classified as bump, power-law, and unknown

DOGs are 23, 16, and 8, respectively. 5 out of 16 power-

law DOGs (>30 %) are detected by Chandra X-ray data,

while only one bump DOG out of 23 sources (< 5 %) is

detected.

Redshift distributions of bump DOGs, power-law

DOGs, and unknown DOGs are shown in Figure 1, with

the distribution of AKARI sources in the NEP-Deep

survey. The figure shows that the AKARI DOGs are

distributed at around z ∼ 1.5 and these distributions

of the bump and power-law DOGs are similar to each

other.

Figure 3. Distributions of stellar mass (left), infrared lu-

minosity (middle), and AGN fraction (right) estimated by

CIGALE. Thick solid and thin dotted lines represent bump

and power-law DOGs, respectively. Dark-filled gray and

light-gray bars show all 47 DOGs and unknown DOGs, re-

spectively.

3. SED FITTING

The SED fitting is performed with the CIGALE1 code

(Code Investigating GALaxy Emission) developed in

Fortran by Noll et al. (2009). This is a physically-

motivated code that derives properties of galaxies by

fitting their ultraviolet(UV)-to-far-IR SEDs. CIGALE

combines a UV-optical stellar SED and an IR dust emis-

sion component, and fully conserves the energetic bal-

ance between the dust absorbed stellar emission and its

re-emission in the IR. CIGALE can select among two

single stellar population libraries and several IR mod-

els/templates and performs a Bayesian analysis to es-

timate parameters. An AGN component can also be

added to estimate the AGN fraction (AGN contribution

to the LIR).

We assumed two stellar populations, a recent stellar

population (age: 10 – 100 Myr) with a constant SFR on

top of an older stellar population (age: 0.1 – 3 Gyr) cre-

ated with an exponentially declining SFR (∝ e−τ ). The

stellar population synthesis models of Maraston (2005),

the Kroupa initial mass function (Kroupa 2001) and a

metallicity of 1.0 Z� are assumed. The extinction curve

of Calzetti et al. (2000) is also assumed. We fixed red-

shifts determined by Le Phare. The IR dust emission is

fitted using the Dale & Helou (2002) library, and Fritz

et al. (2006) library is used as AGN models. Examples

of SEDs with the best models selected by CIGALE are

shown in Figure 2.

1http://cigale.lam.fr
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Figure 4. Distributions of infrared luminosity emitted from

star formation (left), SFR (middle), and sSFR (right). In-

dices are the same as Fig. 3.

4. PROPERTIES OF BUMP AND POWER-LAW DOGs

4.1. Stellar and AGN properties

Properties of our DOG samples measured from the

SED fitting are shown in Figure 3. The stellar mass

ranges for bump DOGs and power-law DOGs are both

109.5−11.5M�, and these distributions are very similar

to each other. On the other hand, the distribution of

LIR of power-law DOGs is slightly shifted to higher val-

ues compared with bump DOGs. However, the LIR in-

cludes the emission from not only star-formation but

also from AGN. The AGN fractions of LIR are shown in

the right panel of Figure 3. The fraction range of power-

law DOGs is significantly higher (15% – 40%) than that

of bump DOGs (0% – 30%). To compare the stellar com-

ponent properties between bump and power-law DOGs,

we removed the effect of AGN emission and estimated

infrared luminosity from star-formation (LIR,SF ), star-

formation rate (SFR), and specific SFR (sSFR) with

these equations,

LIR,SF = LIR × (1− fAGN ) (9)

SFR = 1.7× 10−10 × LIR,SF (10)

sSFR = SFR/Mstar. (11)

The distributions of those physical parameters are

shown in Figure 4. The range of LIR,SF of power-law

DOGs is quite similar to that of bump DOGs. The SFR

measured from the LIR,SF is 10 – 1000 M� yr−1 for

both of bump and power-law DOGs. The distribution

of sSFR for power-law DOGs is slightly larger (0.8 –

30 Gyr−1) compared with that for bump DOGs (0.4 –

10 Gyr−1) but those ranges overlap widely. All stellar

component properties (Mstar, SFR, sSFR) are similar

between bump-DOGs and power-law DOGs suggesting

that bump and power-law DOG are similar populations,

and only AGN activities are significantly different.

Although SFRs are not yet well known in Spitzer-

detected z ∼ 2 DOGs, early evidence indicates that

bump DOGs may have SFRs ∼ 1000 M� yr −1 (Lons-

dale et al., 2009; Kovács et al., 2010), whereas power-law

DOGs may have much lower SFRs (e.g., ∼ 100 M� yr
−1 ; Melbourne et al., 2011). Also the sSFRs for z ∼ 2

DOGs are ∼ 1 – 10 Gyr−1 (Bussmann et al., 2012).

Comparing our z ∼ 1.5 DOGs with the z ∼ 2 DOGs, the

z ∼ 1.5 bump DOGs have lower SFR but similar sSFR

to z ∼ 2 bump DOGs, whereas the z ∼ 1.5 power-law

DOGs have similar SFR but similar or slightly higher

sSFR.

4.2. Properties of Dust Temperature

Figure 5 shows histograms of detection rates for both

bump and power-law DOGs. The detection rates at the

Herschel/PACS bands are similar to each other (∼ 75%

of sources are detected at 100µm band and ∼ 50% of

sources are detected at 160µm band). On the other

hand, the power-law DOGs are less likely to be detected

in the SPIRE bands than the bump DOGs: only 30%

of the power-law DOGs are detected, while ∼ 50% of

the bump DOGs are detected. Even the redshift distri-

butions of bump DOGs and power-law DOGs are not

significantly different (Figure 2) and LIR of power-law

DOGs are slightly higher compared with that of bump

DOGs (the middle panel of Figure 3).

Because the DOGs are selected to be luminous at

18µm or 24µm, they are likely to host significant

amounts of hot and warm dust. Assuming the dust

emission follows a simple blackbody, the dust emission

peak of DOGs at z ∼ 1.5 with temperature of 45 –

75 K (= the emission peak at rest frame 40 – 65 µm)

is at PACS wavelengths. In contrast, dust emission

peaks with temperatures of 15 – 30 K are redshifted

into SPIRE wavelengths. The result might suggest that

both bump DOGs and power-law DOGs host warm (∼
50 Kelvin) dust, while bump DOGs also contain cooler

( <∼ 30 Kelvin) dust.
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