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Abstract . We discuss the formation and evolution of galaxies in view of 
recent mid-infrared deep surveys made using Infrared Space Observatory. 
A special interest is addressed to finding reddened massive populations at 
high redshifts. 

1. A R E T H E R E A N Y H I D D E N P O P U L A T I O N S A T H I G H 
R E D S H I F T S ? 

When and how did galaxies form ? There may be two alternative formation 
scenarios for the formation of galaxies; one is the dissipative collapse of 
a massive protogalactic cloud and the other is successive mergers among 
subgalactic clumps (see Figure 1). There are several Unes of evidence for 
massive gaseous systems at high redshifts (Ohta et al. 1996; Omont et al. 
1996a, 1996b). Star formation history of massive (disk) galaxies at redshifts 
ζ < 2 have been also investigated extensively based on a nearly complete 
galaxy sample down to Κ = 20, J = 23, and Β = 24.5 (Cowie et al. 1996, 
1997). On the other hand, star-forming objects with subgalactic scales (e.g., 
~ 1 kpc) have been also observed (e.g., Lanzetta et al. 1996; Pascarelle et 
al. 1996; Trager et al. 1997). Therefore, even now, it is still difficult to give 
a definite answer to the above question (see for recent reviews, Fukugita et 
al. 1996; Ellis 1997). 

Since typical galaxies in the local universe are very old (more than 10 
billion years), we have to probe the high redshift universe in order to in-
vestigate their infant phase. Recent deep survey observations in the optical 
have been powerful for detecting very faint sources in the high-2 universe. 
Candidates of forming galaxies which have been found for these years are 
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summarized in Table 1. Although these high-ζ galaxies seem indeed forming 
galaxies, we still have a question; Have we found all the ζ >3 galaxies ? Are 
we missing any of the population by virtue of selection effects ? What are 
the prospects for finding higher redshift sources ? (Ellis 1996). The observed 
surface density of such high-ζ star forming galaxies may be lower than the 
value expected from the local density of luminous galaxies (e.g., Lanzetta 
et al. 1996; Steidel et al. 1996b; see, however, Lowenthal et al. 1997) and it 
is possible that we are missing classes of objects with substantial reddening 
and have not yet sampled fully the high-2 counterparts of typical nearby 
galaxies (Franceschini et al. 1994, 1997; Mazzei and De Zotti 1996; Cimatti 
et al. 1997). 

T A B L E 1. Some important objects at high redshifts 

Objects Redshifts References 

A-drop Lyman break galaxies ~ 7 Lanzetta et al. 1996, Nat, 381, 759 

Lensed, high-ζ galaxies 4.92 Franx et al. 1997, A p J , 486, L75 

L y a emission-line galaxies 4.55 Hu & McMahon 1996, Nat, 382, 231 

U-drop Lyman break galaxies ~ 3 - 3.5 Steidel et al. 1996b, A p J , 462, L17 

Steidel et al. 1996a, A J , 112, 352 

Lowenthal et al. 1997, A p J , 481, 673 
Young, emission-line galaxies ~ 2.5 - 2.7 Yee et al. 1996, A J , 111, 1783 

Malkan et al. 1995, A p J , 448, L5 

High-2, Lyman absorption system 3.15 Djorgovski et al. 1996, Nat, 382, 234 

High-*, M g I I absorption system 4.38 Elston et al. 1996, A p J , 456, L13 

The most distant quasar known 4.897 Schneider et al. 1991, A J , 102, 837 

The most distant radio galaxy known 4.41 Rawlings et al. 1996, Nat, 383, 502 

2. F I N D I N G H I D D E N P O P U L A T I O N S 

Since there are many massive elliptical galaxies in the local universe, it 
is very important to find their high-ζ counterparts. If the massive ellipti-
cal galaxies (particularly in clusters of galaxies) underwent vigorous star-
burst in their forming phase (e.g., Ellis et al. 1997 and references therein), 
they would have been already found because their L y a emission could be 
strong enough to be detected by existing searches (Partridge and Peebles 
1967; Pahre and Djorgovski 1995; Thompson et al. 1996; see for a review 
Pritchet 1994). These negative results suggest either that they may be hid-
den by dust grains or that the star formation activity in them may be 
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Figure 1. Two alternative scenarios for galaxy formation (either dissipative collapse of 
a massive gaseous system or successive mergers among clumps) are schematically shown 
for each type of galaxies; ellipticals, early-type spirals, and late-type spirals. Another 
important process to form present-day galaxies may be major mergers (see the last row). 
Some important key words at very high redshifts (z > 5) are also shown in the right-hand 
panel (e.g., Mir aida-Escudé and Rees 1997; Gnedin and Ostriker 1997 and references 
therein). 

more quiescent than what we thought. According to the standard galac-
tic wind model for elliptical galaxies (Arimoto and Yoshii 1987; Kodama 
and Arimoto 1997), the forming phase before the galactic winds (the first 
~ 1 Gyr) could be heavily obscured by abundant gas and dust inside the 
system. Massive gaseous matter (~ l O l o ~ n M 0 ) has been indeed found in 
host galaxies of high-z quasars and powerful radio galaxies (Ohta et al. 
1996; Omont et al. 1996a, 1996b). Such powerful active galactic nuclei are 
usually associated with nuclei of massive (elliptical) galaxies in the nearby 
universe. Thus it is expected that the high-2 quasar hosts are intimately 
related to the formation of massive galaxies. If the quasar engine itself is 
reddened heavily by gas and dust in its host, we could miss such a class of 
objects in the existing optical deep surveys. Therefore, it is worth searching 
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for such reddened populations at high redshifts. 
Let us consider how to find them (Sato 1994). Since the nearby, well 

evolved galaxies consist of old low-mass stars, it is important to find such 
galaxies at high redshifts. These stars emit their energy from the optical 
to near infrared (NIR) mostly, implying that they are more luminous in 
the NIR and M I R (mid-infrared) than in the optical if they were present 
at high redshifts. M I R searches have another advantage because the effect 
of reddening is less than that in NIR. Infrared Space Observatory ( ISO, 
Kessler et al. 1996) allows us to perform such a deep survey since I S O C A M 
(the infrared camera on-board ISO) has a very high sensitivity in the M I R 
(Cesarsky et al. 1996). Following a dissipative collapse model for elliptical 
galaxies (Larson 1974), Meier (1976) calculated the spectral energy distri-
bution (SED) of a forming elliptical galaxy [Model Β in Larson (1974)]. In 
Figure 2, we show SEDs of a primeval galaxy with luminosity of lO 1 2 * 5 ^© 
at a redshift 3 as a function of extinction where we adopt the standard 
Friedman Universe with a Hubble constant Ho = 75 km s" 1 M p c ' 1 and 
a deceleration parameter qo = 0.5. This figure shows that if we perform 
a very deep survey in the mid-infrared (MIR) using I S O , it is possible to 
detect such high-z, forming elliptical galaxies (see Figure 3). In particular, 
the LW2 filter band (À c e n t e r = 6.75 /im) provides the best observational 
window. 

3. M I D - I N F R A R E D D E E P S U R V E Y S 

A couple of very deep M I R surveys have been made using I S O C A M (Rowan-
Robinson et al. 1997; Taniguchi et al. 1997). A brief summary of both sur-
veys is given in Table 2 (Taniguchi 1997). Rowan-Robinson et al. (1997) 
made the I S O C A M observations of the Hubble Deep Field (HDF, Williams 
et al. 1996) at 7 and 15 /im. Combined with the optical multi-color pho-
tometry, these M I R data have been used to investigate the star formation 
properties of galaxies. Rowan-Robinson et al. (1997) modeled the spectral 
energy distribution of 14 H D F galaxies with redshifts from 0.3 to 1.6 and 
found that 10 galaxies show the strong M I R excess, providing evidence for 
intense starbursts in these galaxies 1 (see also Oliver 1997). 

Another M I R deep survey program has been made by Taniguchi et 
al. (1997) whose main aim is just addressed to the discovery of heavily 
reddened populations at high redshifts. Their target field is selected in the 
Lockman HI hole because the Galactic HI column density, ~ 4 χ 10 1 9 cm"" 2, 
is the lowest value found over the entire sky, providing the best cosmological 
window for any extragalactic deep survey observations (Jahoda, Lockman, 

1 Recently Aussei et al. (1997) analyzed the I S O - H D F data independently using the 
P R E T I (Pattern REcognition Technique for I S O C A M ) method developed at Saclay. 
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Figure 2. S E D s of a forming elliptical galaxy as a function of extinction (EB-V = 0,0.3, 
1, 2, and 3). We show 5σ detection limits for three L W channels available for I S O C A M 
(LWl; ACENTER = 4.5 μιη, LW2; ACENTER = 6.75 μιη, and LW10; ACENTER = 11.5 μπι) in the 
case of 5.7 hours integration. The flat fielding error (a) is assumed to be 0.0001. The 
detection limits are also shown for V = 28 and Κ = 23. 

and McCammon 1990). Their deep image at 7 μιη is shown in Figure 4. The 
background fluctuation of the central part of this mage is 0.09 ßJy arcsec" 2 , 
corresponding to a 3 σ detection limit of ~ 9.7/xJy beam" 1 (the beam size 
= 6" X 6"). This limit is very close to the expected value in the I S O C A M 
observers manual. Thus their deep imaging observations have confirmed the 
very high in-flight performance of I S O C A M . 

Although they detected 55 sources (27 sources are above 5 σ ^ ) , they 
described the nature of only 15 sources with quite high significance (see 
Figure 4). Among the 15 sources, one source is not observed in their N I R 
observations because the position angle of the LW2 image is shifted by 
~ 30° from those of the NIR images. Among the remaining 14 sources, 
twelve sources have N I R counterparts. The observed flux ratios between 
LW2 and K1 [R = / „ ( L W 2 ) / / I / ( Ä 7 ) ] scatter from ~ 0.2 to 7.4 although 
most of them are less than ~ 1. Since typical late-type dwarf stars show 
no M I R excess in their rest-frame spectra, the objects with smaller ratios 
(e.g., R < 0.5) may be Galactic stars or early type galaxies with moderate 
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Figure 3. Physical parameters (luminosities and redshifts) of galaxies detected by a very 
deep survey at 7 μ ιη using I S O C A M (Sato 1994). Here we adopt an integration time of 
30 hours for a 3' χ 3' field. The i f -band luminosity function for local galaxies derived by 
Franceschini et al. (1991) is assumed. 

T A B L E 2. Very deep surveys in the mid infrared 

Rowan-Robinson et al. Taniguchi/Cowie et al. 

Field H D F L H - N W S S A 13 

Filter L W 2 LW3 LW2 L W 2 

Acenter ( /*Πΐ) 6.75 14.5 6.75 6.75 

T D T a (hours) 6.5 b 6 13.4 18 

P F O V b (arcsec) 3 6 6 6 

Area (arcmin 2 ) 5 15 9 9 

/ ( 5 σ Γ Π 1 8 ) (j*Jy) 40 d 200 d 16 € 

No. of sources 27 d 22 d 55 e 

α Target dedicated time. 
b Another 6.5-hour integration has been obtained recently 

(Rowan-Robinson 1997, private communication). 
c Pixel field of view. 
d Goldschmidt et al. (1997). See also Aussei et al. (1997). 
e Not yet reduced. 

redshifts. On the other hand, starburst galaxies and active galactic nuclei 
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ISOCAM 7μτη image (halftone) and 
H+K image (contour) 

Figure 4- The 7 μπι mosaiced image of a 3' χ 3' area in the Lockman H I hole (halftone; 
darker is brighter) obtained by Taniguchi et al. (1997). The contours show the N I R (HK) 
image taken with the University of Hawaii 2.2 m telescope. Although the seeing size in 
the N I R image is very good ( F W H M ~ 0.8 arcsec), the image is blurred in order to make 
the comparison between the LW2 and the N I R images easier. The two sources labeled by 
A and Β have N I R counterparts and thus they may be real sources though their 7 μιη 
fluxes are below 5σ. North is up and east is left. 

usually show a M I R excess (e.g., Rowan-Robinson et al. 1997). Therefore 
the objects with the larger ratios may be such galaxies with moderate 
redshifts. Most of the sources have Κ magnitudes between 16 and 20 and 
thus they may have properties similar to the faint NIR galaxies studied by 
Cowie et al. (1996). If this is the case, the majority of these 7 μια sources 
may be galaxies or active galactic nuclei with 0.2 < ζ < 2 (Cowie et al. 
1996). 

It is noted that two objects (Nos. 9 and 12 in Figure 4) have no apparent 
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NIR counterpart. Though a faint NIR source is located near each 7 μτα 
object, the center position is significantly different (~ 4") between the LW2 
and NIR images. Even if these NIR sources were the counterparts, these two 
objects have very large R values, suggesting heavy reddening. Therefore, we 
consider that they are heavily reddened populations which have not been 
detected by existing optical and NIR deep surveys. 

4. P R O S P E C T S 

The most important conclusion is that I S O enabled us to perform the source 
detection at a level of ~ 10 μίγ at 7 μτα (Rowan-Robinson et al. 1997; 
Taniguchi et al. 1997). These M I R deep survey projects have provided a 
new frontier in the study of star formation history of galaxies at high red-
shifts. We hope that such M I R deep surveys will be conducted using next-
generation infrared space telescope facilities like S O F I A (Stratospheric Ob-
servatory for Infrared Astronomy which will be operated in 2001; Erickson 
1997) and IRIS (Infrared Imaging Surveyor which will be launched in 2003; 
Matsumoto 1997). 

One problem remains; how to follow up the 7 μτα sources found by 
Taniguchi et al. (1997). These objects cannot be seen in the optical and 
thus we cannot do optical spectroscopy of them. If these objects are really 
heavily reddened population at high redshifts, they would be very bright at 
far infrared in their rest frame (e.g., Eales and Edmunds 1996). Since their 
redshifts are expected to be ζ > 3, they may be bright at submillimeter 
regime in the observed frame (their expected fluxes are a few J y at 100 
G H z though they depend on their redshifts). Therefore, the existing radio 
interferometer facilities will be able to detect them. 
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