
Submillimeter Evidence for the 

Coeval Growth of Massive Black 


Holes and Galaxy Bulges 


The correlation, found in nearby galaxies, between black hole mass and stellar 
bulge mass implies that the formation of these two  components must be 
related. Here we report submillimeter photometry of eight x-ray-absorbed 
active galactic nuclei that have luminosities and redshifts characteristic of the 
sources that produce the bulk of the accretion luminosity in  the universe. The 
four sources wi th  the highest redshifts are detected at  850 micrometers, wi th  
flux densities between 5.9 and 10.1 millijanskies, and hence are ultraluminous 
infrared galaxies. I f  the emission is from dust heated by starbursts, then the 
majority of stars in  spheroids were formed at  the same t ime as their central 
black holes built up most of their mass by accretion. This would account for the 
observed demography of massive black holes in  the local universe. The skewed 
rate of submillimeter detection with redshift is consistent w i th  a high redshift 
epoch of star formation in  radio-quiet active galactic nuclei, similar t o  that seen 
in  radio galaxies. 

In the local universe, central black holes are 
found in most galaxy spheroids (a collective 
term for elliptical galaxies and the bulges of 
spiral galaxies) with mass roughly propor- 
tional to that of the spheroid (0.13% ? 0.4 
dex) (I). The simplest explanation for this 
proportionality is that the black hole mass is 
built up in active galactic nuclei (AGN) by 
accretion of the same gas that rapidly forms 
the stars, which make up the spheroid; i.e., 
the formation of the spheroid and the growth 
of the massive black hole are coeval. Assum- 
ing that 10% of the spheroid mass M is 
converted from hydrogen to helium in stars 
(2) at an efficiency of 0.007 and is radiated, 
and assuming that 0.13% of the spheroid 
mass M is accreted by the central black hole 
( I )  at 10% efficiency, the ratio of radiation 
emitted by the starburst (E,,) to that emitted 
by the AGN (E,,,) is 

Hence, if they have similar lifetimes we ex- 
pect the stellar component to have around 5 
times the bolometric luminosity of the AGN 
during the spheroid formation. A similar ar- 
gument has been used to estimate the relative 
contribution of accretion and nuclear fusion 
to the extragalactic background radiation (3). 
The scatter on this relation for individual 
objects is expected to be at least 0.4 dex to 
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account for the scatter on the present-day 
spheroid/black hole mass ratio (I), with ad- 
ditional scatter of -0.3 unit logarithmic in- 
terval (dex) from the intrinsic variability of 
each AGN (4). 

To investigate this hypothesis, we studied 
a sample of eight x-ray-absorbed AGN, with 
redshifts ( z ) greater than one, that were dis- 
covered serendipitously in archival x-ray data 
(Table 1). They were chosen from the 14 
such sources reported (5) on the basis of 
visibility in our allocated observing shifts at 
the James Clerk Maxwell Telescope (JCMT). 
If the stellar and black hole components of 
present-day galaxy spheroids did form at the 
same time, then the majority of star formation 
in spheroids must have taken place around 
the AGN that dominate the universe's accre-
tion power, i.e. those that are responsible for 
the majority of present-day black hole mass. 
Our targets are representative of these AGN 
for four reasons. First, their redshifts span the 
1 < z < 3 epoch in which the accretion 
luminosity from AGN peaked. For example, 
in the best-fit luminosity function of a large 
sample of x-ray selected AGN (6), the co- 
moving AGN x-ray luminosity density is 
more than a factor of 10 larger at z = 2 than 
in the local universe. Second, their luminos- 
ities are close to the break in the luminosity 
function, which is where the majority of 
AGN accretion luminosity is produced. For 
example, in the same model x-ray luminosity 
function ( 6 ) ,  60% of the co-moving AGN 
x-ray luminosity density is produced by AGN 
within 20 .5  dex of the break in the luminos- 
ity function, which is at IogL, = 44.5 at z = 

2. Third, the AGN in our sample are x-ray- 
absorbed. It has been estimated (7)  that 85% 
of accretion power in the universe is ab- 

sorbed, and x-ray background synthesis mod- 
els require that the majority of AGN be in- 
trinsically absorbed (8).Fourth, all but one of 
them are radio quiet; close to the break in the 
luminosity function, radio quiet AGN out-
number radio loud AGN by about 15 :1 (9). 

Observations at 850 pm were carried out at 
the JCMT in excellent, stable weather condi- 
tions (1 0) fiom 18 to 20 January 2001 with the 
use of the Submillimeter Common User Bo- 
lometer Array (SCUBA) (1 I ) .  Four of the eight 
sources have significant detections (>5 a)at 
850 pm with flux densities between 5.9 and 
10.1 mJy; the other four sources were not de- 
tected (Table 1). The high submillimeter detec- 
tion rate for our sources (50%) contrasts with 
the low rates of detection (510%) in previous 
submillimeter surveys of x-ray selected objects 
(12-16). However, the x-ray sources investigat- 
ed here have significantly higher x-ray flux (by 
more than a factor of 3) than the relatively faint 
x-ray sources in the other surveys. Hence, the 
faint x-ray sources would probably not be de- 
tectable at 850 pm even if they had the same 
ratio of submillimeter to x-ray flux as our 850 
pm detected sources. Although our sample is 
small, our high detection rate means that at the 
99% confidence level, >12% (16) of the pop- 
ulation fiom which our sample was drawn are 
850 1J.m sources detectable with SCUBA; at the 
95% confidence level, this figure rises to 
>19%. 

We interpret the observed submilli-
meter flux from all our sources as ther-
mal emission from dust. Because 
RXJl63308.57+570258.7 is radio loud ( 5 ) ,  
we have also considered (but rejected) the 
possibility that synchrotron emission con- 
tributes to the flux from this source at 
submillimeter wavelengths. The source has 
a 1.4-GHz flux density of 17.2 i 0.7 mJy 
in the northern Very Large Array sky sur- 
vey (17) and a 325-MHz flux density of 
78 ? 4 mJy in the Westerbork northern sky 
survey (18). Therefore, it is a steep spec- 
trum source and, extrapolating the spec-
trum as a power law, we expect it to con- 
tribute an insignificant amount (<0.1 mJy) 
at 850 pm. We conclude that the observed 
850-pm flux of RXJ163308.57+570258.7 
is dominated by thermal emission from 
dust. For all our sources, we estimated the 
total far infrared (FIR) luminosities L,,, 
and dust masses M, (Table 1 )  from the 
monochromatic 850-pm fluxes using the 
FIR spectrum of Mrk 231 as a template. 
Mrk 23 1 is appropriate because it is a well- 
studied, nearby ultraluminous infrared gal- 
axy (ULIRG), which is similar to our AGN 
in that it hosts an x-ray-absorbed, broad 
line, active nucleus, and has similar sub- 
millimeter luminosity (Fig. 1). We fitted an 
isothermal, optically thin dust model (19) 
to the FIR data on Mrk 231 (20) and ob- 
tained a good fit for dust temperature T = 
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44 K, P = 1.55 (where P is the power law the AGN to power the FIR emission. There- suggesting that radio galaxies had higher 
index of the frequency dependence of the fore, the low ratios of AGN to FIR lumi- rates of star formation at earlier epochs. Age 
dust emissivity) and for FIR luminosity of nosity make it very likely that in these determinations of stellar bulges in nearby 
3.9 X l o L 2La.The FIR luminosities of the sources the FIR is predominantly powered luminous AGN suggest that radio quiet AGN, 
four detected AGN qualify them as by starlight rather than the central AGN. as well as radio loud AGN, had higher rates 
ULIRGs, and the FIR luminosity of Our submillimeter detections thus imply of star formation at earlier epochs (27). The 
RXJ094144.5 1 +385434.8, in particular, is that these sources contain massive reser- trend observed in our data is consistent with 
sufficient for it to be classed as a 'hyper- voirs of molecular gas and are producing this hypothesis. 
luminous' infrared galaxy (21). The current stars at a prodigious rate (>I000 Ma A consequence of coeval spheroid and 
upper limits to the submillimeter fluxes of yearp1). black hole formation for the recently discov- 
the four undetected AGN are larger than the The four AGN we detected at 850 p m  all ered luminous submillimeter population (28) 
flux expected from Mrk 231 at equivalent have FIR and AGN luminosities similar to would be that the majority of these sources 
redshifts (Fig. l) ,  and therefore it is possi- what would be expected from Eq. 1 (and this must host AGN. Indeed, it is already known 
ble that the entire sample could be could also be true for the four sources unde- that a significant fraction of the most lumi- 
ULIRGs. tected at 850 p,m, which is not excluded by nous submillimeter galaxies found thus far in 

Recent results from Infrared Space Obser- the current 850-pm upper limits). Thus, our deep SCUBA surveys contain AGN (29). At 
vatory mid-infrared spectroscopy (22), 850-p,m detection rate implies that with 95% redshifts of 2 to 3, starbursts with similar 
millimeter interferometry (23), and detailed confidence, between 19% and 100% of the bolometric luminosity to AGN with 44 < 
radiative transfer modeling (21) suggest that the population from which our sample is log& < 45 would have 850-p,m fluxes of 
massive stars are the dominant power source drawn are simultaneously building up their -0.5-to 5 mJy, and this is the flux range in 
of around three quarters of nearby ULIRGs black hole mass by accretion and undergoing which the bulk of the cosmic 850-pm back- 
(including Mrk 23 1) and hyperluminous intense star formation at rates which are con- ground is produced (30). Current x-ray lumi- 
infrared galaxies. For our four sources de- sistent with-indeed suggestive of-the nosity functions (6,31) suggest that there are 
tected at 850 p,m, a comparison of the power spheroid-AGN formation scenario. 
output of the AGN to the power emitted The redshift distribution of our detections 
in the FIR gives an indication of the rela- is bimodal; all the sources with z > 1.5 were 
tive importance of AGN and starburst heat- detected at 850 pm, whereas none of the 
ing of the FIR-emitting dust. Assuming that sources with z < 1.5 were detected at that 10 
3% of the bolometric luminosity of an redshift. This is unlikely to be coincidence. If $ 
AGN is emitted in the 0.5- to 2-keV band we split the sample by redshift and assume 5 
(24, 25), the bolometric luminosities of the that the underlying probability of submillime- 2 
AGN in RXJ094144.5 1 +385434.8 and ter detection were independent of redshift, 
RXJ121803.82+470854.6 are about one- then the probability of detecting all the sourc- 5 5 
quarter and one-third of their FIR lu- es in one redshift bin and detecting none of $ 
minosities, respectively, whereas the AGN the sources in the other is <I%. However, 

00 

and FIR luminosities are equivalent (with- the two highest redshift objects in the sample 
in 0.1 dex) in RXJ124913.86-055906.2 also have the highest x-ray luminosities, and, 
and RXJ163308.57+570258.7. This means hence, a correlation between x-ray and sub- 0 
that in RXJ094 144.5 1 +385434.8 and millimeter luminosity could be responsible 1 1.5 2 2.5 3 
RXJ121803.82+470854.6, the AGN are for the bimodal detection rate. Nonetheless, Redshifl (2)  

not sufficiently powerful to heat the FIR- the skewed detection rate is consistent with Fig. ,. 850-+m fluxes of the x-ray-absorbed
emitting dust, whereas in the other two the strong dependence of submillimeter lumi- A~~ as a functionof redshift z, The line 
cases all of the AGN radiation would have nosity with redshift that has already been shows the predicted 850-+m flux of Mrk 231 if 
to be absorbed and re-emitted by dust for found in a sample of radio galaxies (26), i t  were viewed at redshift z. 

Table 1. Characteristics of the observed x-ray-absorbed ACN and their RXJ163308.57+570258.7 is also known as WN B1632+5709.Sx, observed 0.5- 
observed submillimeter emission. We assume a HubbLe constant H, = 50 km to 2-keV flux (10p14 erg cmp2 sp'); log L, Log [0.5 to 2 keV Luminosity (erg s-I)] 
spl Mpcpl, a deceleration parameter q, = 0.5, and zero cosmologicaL corrected for intrinsic absorption; log N,, log [intrinsic column density (cmp2)]; 
constant. For sources that were not detected with SCUBA, we have estimated RURQ, radio Loud (RL) if the radio-optical spectral index a,, > 0.35 or radio 
upper limits to L,,, and M, by taking the upper limit of S,,, to be S,,, + 20 for quiet (RQ) if a,, 5,,,,0.35;< 850-pm flux. The quoted errors do not include 
sources with positive S,,,, 5,,,.and 2o for sources with negative Source name is calibration uncertainties of 10%. Dust mass inferred from 850-(*m flux adopts a 
based on Rosat position. RXJ124913.86-055906.2 is also known as [HB89] 
1246-057, RXJ135529.59+182413.6 is also known as RlXOS F268-011, and 

Source 

RXJ094144.51+385434.8 

RXJ101123.17+524912.4 

RXJ104723.37+540412.6 

RXJ111942.16+211518.1 

RXJ121803.82+470854.6 

RXJ124913.86-055906.2 

RXJ135529.59+ 18241 3.6 

RXJ163308.57+570258.7 

value for the dust mass absorption coefficient (33) K,,, 

FIR Luminosity inferred from 850-pm flux. 

Dust mass (Mz) 

1.2 x lo9 
< 4.7 x l o8  
< 7.2 X 10' 

< 4.5 x l o8  
8.0 X 10' 

7.8 X lo8 
< 4.3 x l o8  

5.8 X 10' 

= 5.5 m2 kgp1. L,,,, 
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at least several hundreds of AGN degP2 with 
z > 1 and IogL, > 44, assuming a 4 :1 ratio 
of obscured to unobscured sources. Although 
this estimation falls well short of the current 
850-pm source counts (8000 + 3000 deg-2 
at 1 mJy) (30), the AGN x-ray luminosity 
function has a large uncertainty at z > 2, 
which is the epoch in which the majority of 
luminous submillirneter galaxies are found 
(32). Furthermore, the space density of ob- 
scured AGN at high redshift is unknown: the 
x-ray background intensity does not preclude 
the existence of a large population of high 
redshift, Compton-thick sources. 
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Fermi Surface Sheet-Dependent 

Superconductivity in 2H-NbSe, 


T. ~okoya,'*T. Kiss,' A. Chainani,'.' S. Shin,'*3 M. ~ o h a r a , ~  
H. Takagi4 

High-resolution angle-resolved photoemission spectroscopy was used to study 
the superconducting energy gap and changes in the spectral function across the 
superconducting transition in the quasi-two-dimensional superconductor 2H-
NbSe,. The momentum dependence of the superconducting gap was deter- 
mined on different Fermi surface sheets. The results indicate Fermi surface 
sheet-dependent superconductivity in this low-transition temperature multi- 
band system and provide a description consistent with thermodynamic mea- 
surements and the anomalous de Haas-van Alphen oscillations observed in the 
superconducting phase. The present data suggest the importance of Fermi 
surface sheet-dependent superconductivity in explaining exotic superconduc- 
tivity in other multiband systems with complex Fermi surface topology, such 
as the borides and f-electron superconductors. 

The energy gap in the single-particle excita- although tunneling studies (5) have deduced a 
tion spectrum of the superconducting state momentum-dependent gap from momentum- 
makes the superconducting properties of a averaged spectra, there is no direct experi- 
material qualitatively different from its nor- mental evidence based on momentum-re-
mal-state properties. BCS (Bardeen, Cooper, solved spectra to substantiate that claim. 
and Schrieffer) theory (1 )  assumes electron- We show that the electronic structure of 
electron pairing to be due to phonons and 2H-NbSe, ( 7 ) ,  a quasi-two-dimensional in-
approximates the pairing strength as a func- commensurate charge density wave (CDW) 
t& of momentum to be constant, leading to system (T,,, - 35 K) that is also a phonon- 
an isotropic s-wave gap. This is not the case mediated superconductor below Tc = 7.2 K, 
for high-transition temperature superconduc- exhibits FS sheet-dependent superconductiv- 
tors (high-T,'s), where a highly anisotropic ity. The result highlights the importance of 
dX2_? gap has been confirmed (2, 3) and un- FS sheet dependence of electronic structure 
conventional pairing mechanisms other than and electron-phonon interactions in 1ow-T" 
electron-phonon interaction are actively con- superconductors. 
sidered (4). On the other hand, even for Angle-resolved photoemission spectros-
phonon-mediated s-wave superconductors, copy (AWES) allows determination of the 
the existence of several Fermi surface (FS) energy and momentum distribution of occu- 
sheets possessing different electron-phonon pied electrons in a solid. For a given energy 
coupling constants andor differing density of of incident photons, the energy distribution 
states (DOS) at the Fermi level (E,) can give curve (EDC) measured at a fixed momentum 
rise to a momentum-dependent superconduct- and, conversely, the momentum distribution 
ing gap in real materials (5, 6 ) .  However, curve (MDC) measured at a fixed energy, 

directly represent the nature of the electronic 
'Institute for Solid State Physics, University of Tokyo, states of a system. Thus, t ~ ~ i c a l l ~ ,  AWES 
Kashiwa. Chiba 277-8581. l a~an .  'Institute for Plasma can measure the Fermi momentum (kc)as the 

~ 1 ,  

Research, Bhat, ~andhina ia i -382 428. India. 3The In- point in momentum space corresponding to a 
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