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RESUMEN: En las galaxias luminosas en «1 infrarrojo encontra 

mos eficiencias de formación de nubes moleculares y estre

llas masivas, mucho más mayores que en galaxias normales. 

Las observaciones de hidrógeno atómico en absorción y del r¿| 

dical oxhidril en emisión, revelan la existencia de movimien 

tos altamente turbulentos en las regiones centrales de las 

galaxias infrarrojas super1uminosas. Discrepancias estadfsti 

cas entre las velocidades ópticas y de radio, sugieren que 

las nubes donde se originan las líneas de emisión ópticas se 

expanden a partir del núcleo. Las galaxias infrarrojas ultrft 

luminosas consumen su gas en períodos de tiempo cortos compa 

rados con la vida de una galaxia y representan una fase bre

ve de transición hacia sistemas casi totalmente desprovistos 

de gas interestelar.

ABSTRACT: Luminous infrared galaxles have enhanced

effi cieñei es of molecular cloud formation, and star 
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formation, relative to normal galaxies with comparable total 

amounts of interstellar gas. The HI absorption and OH 

megamaser emission reveal hlgh turbulent, non-circular

motions in the nuclear regions of ultraluminous infrared 

gala>íies. Outflow motions of the optical 1 ine-emitting 

nebulae are suggested by a statistical blueshift of the 

optical velocities relative to the radio velocities. 

Ultraluminous infrared galaxies are rapidly consuming their 

interstellar gas and represent a transíent phaae toward 

early type systems.

I. INTRODUCTIOM

One of the most important resulta from the IRAS 

survey was the discovery of extragalactic objects with total 

luminosities dominated by far-infrared emisslon. In some

remarkable instances, more than 957. of the radiated flux ,is
1 9in the far-infrared, with luminosities greater than 10 

solar luminosities. These objects have the optical 

appearence of advanced mergers, and their study may provi de 

clues for the understanding of the origin of early type 

galaxies, active nuclei, and quasars.

We first review the overall content of
interstellar gas in the Luminous Sample (Lpjp > 2 x 10*̂  LQ> 

of IRAS galaxies with 2 < 0.1 (Soifer et al., 1987). The

data base on the interstellar gas that we use for the 

analysis comes from two homogeneous surveys, one matíe in the 

21 cm line of atomic hydrogen using the Arecibo telescope 

(Mirabel and Sanders, 1987a), the other in the 2.6 mm line 

of C0 made at Kitt Peak (Sanders and Mirabel, 1985*  Sanders 

et al., 1986). Since the data on the interstellar gas is 

only from two large and homogeneous surveys, the relations 
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between the HI, H2* and f ar-i nf r ared -flux, derivad in the 

present study, are subject to the same systematic errors in 

all the objects of the sample.

In the second part, we point out some relevant 

properties of the strong maser emission in the OH main line» 

observed in ultraluminous infrared galaxies. The OH maser 

signáis, as wel1 as the HI absorption, can be used to study 

the kinematics of the interstellar gas in the nuclear 

regions of ultraluminous infrared galaxies.

Figure li Fraction of eolecular gas versus the 60 to 100 eicron» flux ratlos for 21 
galaxi es observed in our HI and CO surveys.

2. THE EFFICIENCIES OF MOLECULAR CLQUD AND STAR FORMATION

One of the most striking resulte from the Arecitoo 

21 cm survey of HI in 1uminous IRAS galaxi es ís the frequent 
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presence of broad absorption. Among the 90 galaxi es surveyed

at Arecibo we find 15 spectra with HI absorption. The

absorption signáis may be as broad as several hundred km/s,

up to 1000 km/s. They are indicative of highly turbulent,

non-circular motions o*f  the gas along the line of sight to

the nuclear radio source. Although the column densities of
21 22 2the absorbing HI may be as large as 10 to 10 atoms/cm 

if Ts » 100 K, they correspond to masses that are smaller 
than 3 >: 10® MQ.

Among the galaxies surveyed at Arecibo, there are 

23 galaxies with total C0 luminosities determined from 

single spectra. These galaxies are at redshifts larger than 

4000 km/s, and are unresolved by both, the 21 cm Arecibo 

beam and the 2.6 mm beam of the 12-m telescope of NRA0. The 

H2 masses were computed -from the C0 luminosities using the 

reíation found by Sanders, Solomon and Scoville (1984).

In Figure 1 is plotted the fraction of molecular 

gas to total interstellar gas versus the 60 to 100 microns 

■Flux ratio. For six gal ax i es with HI absorption we can only 

estimate lower limits for the HI mass since the absorption 

arising in front of the nuclear radio continuum flux may 

neutralizo the detection of atomic hydrogen emission. On the
9

contrary, for Arp 220 a limiting mass of 4.6 x 10 MQ of 

atomic hydrogen has been found from more detailed 

observations by Mirabel (1982) using Arecibo, and by Baan et 

al. (1987) using the VLA. Therefore, for this galaxy we 

determine a lower limit of the M (H2) / [M (HI) +M <H2>] ratio.

Several galaxies in Figure 1 have overall fractions of 

molecular gas that are larger than 507. the total mass 

content of interstellar gas. For instance, in Arp 220 more 

than 747. of the interstellar gas is in molecular form, since 

in this ultraluminous far-infrared galaxy is found leas 
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atomic hydrogen than in the Mi 1ky Way galaxy. In our Galaxy, 

fractions of molecular to atomic gas greater than 50% are 

only found in the inner regions, at galactocentric distances 

smaller than 4 kpc.

Figure 1 shows that the efficiency of molecular 

cloud formation per unit mass of interstellar gas, and the 

mean temperature of the interstellar dust are correlated*  

This correlation is expected a priori, since a high 

efficiency o-f molecular cloud formation is a condition for 

the formation of stars that warm up the surrounding dust.

Figure 2: Current rite of sttr foraation per unit aass of total interfttllar gas 
versus the 60 to 100 aicrons flux ratios.
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In Figure 2 are plotted the ratios of the 

far-infrared luminosities to total irass of interstellar gas 

versus the 60 to 100 microns flux ratios- If the 

far—infrared flux is thermal radiation from dust heated by 

stellar radiation, the guantities on the vertical coordínate 

provide a measure of the current rate of star formation per 

unit mass of interstellar gas. The correlation shown in 

Figure 2 is also expected a priori, since a high rate of 

star formation is a condi tion to warm up the dust. Although 

most of the galaxi es in Figure 2 have masses of interstellar 

gas that are within a factor of three of the total mass of 

interstellar gas in the Milky Way, they have rates of star 

formation that are between 2 and 100 times higher than in 

our Galaxy. Arp 220 has a rate of star formation per unit 

mas© of interstellar gas that is about 50 times that found 

in our Galaxy although its total gas content is comparable 

within a factor of two to that of the Milky Way.
The higher LpIR/ Cm(HI) +M <H2>J ratio implies that 

the total star formation in galaxies is determined byx (i) 

the total amount of interstellar gas, and <ii) an efficiency 

of star formation per unit of mass of interstellar gas. This 

efficiency of star formation is a variable that depends on 

the disturbances introduced in the internal large ©cale 

dynamics of individual galaxies during galaxy—galaxy 

interactions. Al 1 galaxies with lFIR7 M<HI>+M(h^) ratios 

larger than 10 are colliding galaxies in a state of advanced 

fusión. Since the rates of star formation per unit mass of 

interstellar gas abserved in the warm galaxies represented 

in Figure 2 imply that their interstellar gas wi11 be
7

depleted in less than 10 years, they must be rapidly 

transforming into early type galaxies.
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3. C0HPARI90N BETWEEN THE RADIO AIMD OPTICAL SYSTEMIC
VELOCITIES

A striking finding from our Arecibo survey of the 

atomic hydrogen in luminous IRAS galaxi es is a elear 

preponderante for the HI to be redshifted relative to the 

optical systemic velocities. In Figure 3 are repreeented 

histograms of the velocity differences between the HI, CO 

and optical redshifts. The velocities of the HI (emission or 

absorption) are the midpoint heliocentric velocities at 207. 

fractional level of the peak signáis (emission or 

absorption). The optical systemic velocities were taken in 

order of priority from the Center for Astrophysics Survey 

(Huchra et al-, 1983), or the Palomar survey conducted by 

the IRAS group at Caltech. When no redshift was measured in 

the former surveys, the optical redshift is the unweighted 

mean of the optical redshifts catalogued by Palumbo et al. 

<1983) .

In Figure 3a is shown a histogram of the VhIABS - 

Vqrt difference for the 15 gal ax i es of our sample with HI 

absorption spectra. This difference is positive for 14 

galaxi es, and negative only for one galaxy. The mean valué 

is +130 km/s. Figure 3b shows a histogram of the - v0PT 
difference for the 33 galaxi es with Lpjp > 10**  LQ and HI 

measured at Arecibo in absorption and/or emission- The mean 

valué of this difference is +78 km/s. The trend for the HI 

systemic velocities to be greater than the optical is not a 

consequence of systemic errors in the HI velocities- Among 

the 33 galaxias represented in the histogram of Figure 3b 
there are 15 galaxi es with CO detections- A comparison of 

the HI and CO redshifts for these 15 galaxi es is shown in
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Figure 3c. Since the mean difference V|_|j - Vqq is only -9 

km/s, we conclude that no significant trend i a found between 

the HI and CO data.

Figure 3: i) Histogra® oF the diFFerencc between the Hl ahsorptíon and óptica! 
velocities for 15 galanes, b) As Fig. 3i but for Hl absorption antf/or nrission 
oF 33 galaxiK with LpjR >10* 1 L0. c) Histograa oF the diFFerenees between the Hl 

and CO redshiFts For 15 galaxies with lpjR > 1011 Lfl.

We favor a real difference between the radio and 

optical redshifts, due to the outward motion o-f the optical 

gas, in the central regions of these galaxies. The optical 

systemic velocities of these galaxies are often determinad 

from narrow emission lines using low dispersión spectra. If 

the outwardly moving 1 ine-emitting gas is mixed with dust, 

the attenuation of optical emission from the far side leads 

to an optical redshift below systemic. The statietical 
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blueshift of the optical relative to the radio systemic 

velocities, as wel 1 as the individual instances of blue 

wings in the narrow emission lines observed by Heckman et 

al» <1907), are indications for mass outflows presumably 

driven by the high rates of supernovae explosione occurlng 

in the nuclei of luminous infrared galaxi es. We point out 

that similar statistical trends have been found in Beyfert 

galaxies by Mirabel and Wilson (1904), and in quasars by 

Hutchings et al. <1987).

4. OH MEBAMASERS IN LUMINOUS FAR INFRARED BALAXIES

Extragalactic OH emission with luminosities over 

six orders of magnitude greater than the most luminous 

galactic maser have been detected so far in a total of 15 

galaxi es. The detect ions have been made by researchers using 

large radiotelescopes at Nancay (Bottinelli et al. 1987$ 

Kazes et al. 1987), Jodrell Bank (Staveley-Smith et al. 

1987), Parkes (Norria et al. 1987), Green Bank (Baan et al. 

1985), and Arecibo (Baan et al. 1982: Mirabel and Sanders 

1987b). The megamasers are detected in luminous <L.pjp > 2 x 
10.**)  and warm {S^q/S jqq > 0.70) far infrared gal-3.x i es with 

relative strong radio continuum emission coming from the 

nuclei•

As an example, in Figure 4 are shown the OH, HI, 

and C0 spectra of the luminous infrared galaxy IIIZW035. The 

1667 MHz line extends over 760 km/s at the 3 sigma level, 

and the isotropic luminosity of this 1667 emission is 527 

Lq. Velocity broad OH maser emission with widths of up to 

1000 km/s, and luminosities in the 1667 MHz line of up to 

1800 Lq have been found in luminous IRAS galaxi es. The main
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lines are not circularly polarized, and the ratio of 

1667 to 1665 peak emissions tend to be hígher than the 

ratio.

the

LTE

Fieure 4i The OH. HI «nd CO spectra for the aalaxy IIIZW35. The velocitv se ale for 
the OH profile refers to the 1667 line. The 1665 line is displaced by 351 k«7s tonard

the right•
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There are índications that the OH megamasers 

origínate in physical processes that differ from those that 

occur in the most commonly studied galactic OH masers. The 

extragalactic OH megamasers are likeiy to arise in extended 

regions of low density gas. The optical depth of the 

interstellar gas between 30 and 120 microns is low, and the 

OH could be inverted by the far-infrared radiation over 

large distanees, allowing masers to arise in large voluntes 

of ©pace. The velocity widths of the OH megamasers and the 

absence of circular polarization in the OH emission lines 

are índications that they are coming from extended regions.

In Figure 5 are plotted the ratios of the 1667 to 

1665 fluxes versus the ratios of the 1667 peak flux to 60 

microns flux, for all megamasers reported so far in the 

literature. There seems to be a correlation between the 

pumping efficiency of the infrared photons and the 1667 to 

1665 MHz flux ratio. IIIZW035 and IRAS 1017+08 are the 

megamasers with the highest infrared pumping efficiencies, 

which are at least 5 times larger than in any other 

megamaser. The peak flux ratios between the two OH main 

1 ines in these galaxies are 9.1 and 14.6 respectively.

The extraordinary strength of megamaser- suggests 

the possibil ity of their use for studies of topicial interast 

in astrophysies. First, they can be used to probe the 

Uni verse in earlier epochs, when galaxies more commmonly 

underwent episodes of intense star formation. Using the 

Arecibo telescope, a megamaser as the one shown in Figure 4 

could be detected at a redshift of 0.5. In fact, using the 

Nancay radiotelescope, Kazes et al. (19Q7) have recent1y 

detected a megamaser from a galaxy that is receding from the 

Sun at 22,000 km/s. The second potential use of megamasers 

is for high spatial resolution studies of the interstellar 

gas in the nuclear regions of luminous infrared galaxies.
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F‘»W*  5| P*»k  flturitios of the 1667 Md IMS HHz trmltiM» M the OH vcrtu 
tw *w7  HHz pttk fluí to 60 ilcrons flux ritió for il 1 published atgatistrs.

The Vi-A observations o-f the OH emission and HI absorption in 

Arp 220 (Baan et al. 1904, 1987) show that all the OH 

emission and HI absorption comes from the inner 1 kpc. This
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f romresult is consistent with the resulta obtained 

interferometric observations of the CO <Sargent et al. 

19B7), and the near infrared (Becklin and Wynn-Wi11 iams, 

1987) .

4. CONCLUSIONS

The total amount of interstellar gas in most of 

the luminous infrared galaxies is within a factor of three 

the total amount of interstellar gas in the Milky Way 

galaxy. However, the star formation rate in those galaxi es 

can be up to 100 times larger than in the Milky Way. This 

enhanced star formation rate per unit mass of interstellar 

gas is a consequence of an enhanced molecular cloud 

formation rate per unit mass of atomic gas. In several 

luminous infrared galaxies we find overal1 fractions of 

molecular gas that are comparable to the fractions of 

molecular gas found in the inner regions of our galaxy. The 

power of galaxies to form giant molecular clouds and massive 

stars seem to be a function of the disturbances produced in 

the large scale internal dynamics of the systems during

gajl axy-gal axy collisions. The star formation ra tes observed 

in ultraluminous infrared galaxies imply a rapid depietion 

of the overal 1 content of interstellar gas, and a on-going 

conversión of these galaxies into early type systems.

In luminous infrared galaxies there is a clear 

preponderanee for the optical velocities to be 1ower than 

the radio velocities. This trend is interpreted as an

indirect, statistical evidence, of outflow motions of the

optical emission line nebulae. Similar mass outflows seem to

occur in Seyfert galaxies and quasars, since similar 

statistical trends between optical and radio velocities are 

found in these types of objeets.
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OH megamasers reside in the nuclei of luminous and 

warm infrared galaxies. Because o-f their remarkable 

luminosity, they could be used to probe the Uni verse at 

large redshifts, when gal ax i es more commonly underwent 

episodes of intense star formation. The high spatial 

resolution observations of the OH emission and HI 

absorption, show that in super1uminous infrared gala»i es 

large fractions of the interstellar gas with high turbulent 

motions are concentrated within the inner hundred parsecs.

I.F.H.  is i aetber of Cenicet, Argentina, and icknowledgw support frot NSF Epscer progrn 
at the Untversity of Puerto Rico.
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