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ABSTRACT

We present a ”feedback compression” model to describe the galactic spheroid
formation and its relation with the central nuclear activity. We suggest that the
star formation itself can serve as the "positive feedback” in some extremely dense
region to trigger the starburst. The star formation rate as well as the related
stellar feedback-induced turbulence will be maximized under the regulation of
the background dark halo’s gravity. There is also stellar feedback acting inward
to confine and obscure the central black hole (BH) till the BH grows sufficiently
large to satisfy a balance condition between the accretion disk wind and the
inward stellar feedback. The extremely vigorous star formation activity, the BH-
bulge relations, the maximum velocity dispersion as well as the maximum BH
mass are investigated based on such scenario, and are found to be consistent with

observations.

Subject headings: black hole physics — galaxies: formation — galaxies: nuclei —
galaxies: starburst — galaxies: structure

1. INTRODUCTION

Observations have shown clear evidence that the mass of supermassive black hole (SMBH)
in the center of every galaxy is tightly correlated with the velocity dispersion of the bulge
stars (Ferrarese & Merritt |2000; |Gebhardt et al. [12000; Tremaine et _al. |2002) and the mass
of the whole bulge (Magorrian et al/[1998; McLure & Dunlop |12002; [Marconi & Hunt 2003),
which reflect the interplay with the nuclear activity and the spheroidal star formation ac-
tivity (potential well depth of bulge stars). Recent consensus emphasizes that the nuclear
black hole (BH) feedback is the sticking point to explain these correlations: the central BH
can interact with the surrounding environment through BH feedback in a self-regulated way.
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However, the tightness of the correlations indicated by both the observations and numerical
simulations pose big challenge to many conventional feedback models, whose results are sen-
sitive to the variable parameters such as gas fraction (the mass fraction of gas to dark matter)
(Di Matteo et al. | 2005). Recently, some modified feedback models have been proposed to
alleviate the inconsistency. Begelman & Nath ! (2005) suggest that the BH accretion physics
on local scale (relative to previous ”global” models) should be considered. They consider
that the "maximized” accreted gas mass will make the result insensitive to the gas frac-
tion. Xu, Wu & Zhao| (2007, hereafter XWZ07) provide another scenario to explain both
the starburst activity in protospheroid and the BH-bulge relations. They suggest that the
spheroid formation is ”halo-regulated”: the star formation is regulated by the background
dark matter halo. In particular, the strong star-forming feedback acts outward to resist
the gravity from the dark halo while acts inward to feed and obscure the central BH. Such
scenario can naturally link the nuclear activity and outside star formation activity, and well
explain the BH-bulge relations.

Here we revisit the idea of XWZ07 and find the "halo-regulated” mechanism can be
generalized and simplified. We argue that it is possible that the stellar feedback can compress
the surrounding gas and trigger the catastrophic star formation activity in a very dense
environment when neglecting the heating effects. The intense starburst will make the star-
forming region highly turbulent. The ”"maximized” turbulent sound speed, which is regarded
as a measure of potential well depth of the protospheroid, can be reached when the whole
system is in the virial equilibrium. Based on such ”feedback compression” model, we show
that once the assumption of homogeneous turbulent environment is valid, the star formation
is regulated by the dark halo’s gravity and regulates the central BH growth. The resultant
BH-bulge relations are universal: only related to the velocity dispersion of stars and dark
matter profile.

2. STAR FORMATION UNDER THE MOMENTUM FEEDBACK
COMPRESSION

The merger induced starburst regions have very dense environment: the molecular gas
density can be as high as 10® ~ 10%cm™ (Downes & Solomon | [1998), much denser than
that of disk galaxies. The cooling by collisionally excited atomic and molecular emission
processes can be very efficient. Hence, we hypothesize that the heating feedback due to
the ionization of HII region may be neglected comparing with the mechanical feedback in
the starburst region. Since the shock-heated gas can quickly radiate their thermal energy,
it is possible that the outward propagating shock can compress the surrounding gas into a
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gas shell in a momentum driven way and trigger the new star formation events. The result
can be understood by a simple example: assuming that the expanding gas shell is thin, its
dynamics can be described by

d < R3dR) _ 3Myv,

Ry T i 1
dt dt dmpy (1)

where M, is the mass loss rate, v, is the velocity of wind and po is the density of homogeneous
gas around the stars. We can easily find the following solution at large R
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The shell will finally stall due to the ambient pressure, and we have the stalling radius
Ry = (Myv, /4mnokT)"?. Using Eq. (2), the total compression timescale can be estimated

as
M, v 2
o=t 5] (3)
AET 3T Po

Comparing t, with the dynamical timescale tq,, = (37/32Gp)'/?, we have

te Pe . 1/2 1/2-1
; ~ (_) Mg v500T10 (4)
dyn Po

where p. is the gas density of the compressed gas shell, My = M, /107 Moyr™!, vsp0 =
0 /500kms™t and Ty = T/10K. Note that the shell gas density p. is larger than py, so t,
is at least one order larger than t4,,. It demonstrates that in a very dense environment, the
density inhomogeneities are amplified by the feedback compression and the gas has enough
time to collapse into the cloud.

The "light” outflow accelerating against the dense cold gas shell will trigger the Rayleigh-
Taylor instability (RTI). Moreover, the Kelvin-Helmholtz instability (KHI) may also occur
as the outflow punches into the gas shell and moves through the cold gas. The combination
of these two instabilities will prevent the gas collapse and destruct the star-forming cloud.
If the density contrast is large, the dispersion relation for RTI is w =~ (ka)'/? where a is the
acceleration (Chandrasekhar |[1961). The characteristic growth timescale for RTT responsible
for the cloud destruction is 7z ~ (27l;/a)'/? where I is the Jeans length. The acceleration

can be derived from Eq. (2)

) 1/4
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Initially, the growth timescale 7grr may be smaller than the dynamical timescale ¢4,,,. The
RTT will make the dense cold shell highly porous to the hot wind and entrain cold gas into
the wind. The efficiency of driving wind enhances (Silk|2001). Note 7pr o ¢34, we define
the duration in which RTI dominates by setting 7pr = tgy,. Using Eq. (5), the duration is

~1/3
ta = 2.5 x 10° Mg/ ®vigony ' * 17, ° (%) / yr, (6)
0

where n3 = ng/10°cm™3. The duration is smaller than the dynamical timescale tg4,,, which
indicates that the cloud destruction by RTT and KHI (its growth timescale is of the same
order as RTT’s (Agertz!2006)) may not be important in the momentum driven phase, at
least at large radius R. So it is reasonable to assume that the feedback induced compression
can trigger and expedite the cloud collapse and the star formation.

3. "HALO-REGULATED” STAR FORMATION AND BLACK HOLE
GROWTH

Star formation in the local disk galaxies is usually inefficient and the typical star for-
mation efficiency (SFE) is ~ 2% (Kennicutt |[1998). It is because that the star formation is
regulated by the "negative” feedback (heating, blown out) to keep the star formation rate
(SFR) from raising too high. However, as mentioned in the above section, it may not be the
case in the starburst region. Without the heating effects, the feedback induced compression
can serve as a "positive” feedback to trigger the intense star formation activities unless the
total mechanical energy generated by the stellar feedback is larger than the binding energy
of these regions. In another words, once the total feedback from those massive stars are
unable to disrupt or unbind the whole star forming region, the star formation process may
continue for a relatively long time, which is analogous to the formation of bound clusters
(Elmegreen & Efremov |1997).

Following XWZ07, we adopt the NF'W density profile for the background dark matter
and assume the standard cosmological parameters with €, = 0.3,2, = 0.7 and A = 0.7
(z =0). The inner NFW profile is given by

pnrw(r) ~ r™!, II= 130M®p0_2M3{?27[5(2)]2/3‘1’0_,3.58 (7)

(Navarro, Frenk & White |[1997; [Komatsu & Seljak 2001), where M, 1o = M,;, /102 M, and
M, is the virial mass of the halo, £(2) = [(Qn/Qm(2))(AL/100)], 2,,(2) = [14+ (/) (14
2) 737 A = 1872+82d—39d? where d = Q,,(z)—1 (Bryan & Norman |[1998; Barkana & Loeb
2001). U o5s = [In(1 +¢) — ¢/(1 + ¢)]71/0.58 where ¢ ~ 13.4M,75"*(1 + z)~! is the con-
centration parameter (Bullock et al. |2001). Such 7! profile in the inner region is almost a
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universal profile: it doesn’t change by the galaxy merger or interaction, it is also insensitive
to the redshift and the halo mass. Another interesting thing to note is that such inner profile
gives a nearly constant gravitational acceleration
GMp(r
gom(r) = DizM() = 27GI ~ 1.2 x 10~%cm sec™2. (8)
r
Intense star formation activity and related stellar feedback will make the protospheroid
environment highly turbulent. Because the bulge stars density distribution implies that the
protospheroid density profile may follow p ~ r? (Tremaine et al. |[1994), here we assume an
isothermal density profile for the protospheroid baryon or mixture of gas and stars

c? 2c%r
pr)=5-m M= (9)

where p,(r) is the total baryon density or density of the mixture of gas and stars, ¢, is the
"isothermal” turbulent sound speed and M, is the enclosed mass within the radius r. The
momentum transport during the compression requires that

= po(r)cs; (10)

42

where P* is the net outward momentum deposition rate. The star formation activity and
the feedback-induced turbulence will be maximized till the whole system evolves to a virial
equilibrium state. Once the whole system becomes a little more turbulent, the deposited
momentum flux will make the whole system deviate from the equilibrium state and the SFR
is hence avoided from raising higher. Such a self-regulated mechanism will make the whole
system maintain the equilibrium state.

We can write the equation of the virial equilibrium for the protospheroid as

aM

r

BMyc,, = + 7G Myr, (11)

where ¢, is the maximum turbulent sound speed. The first term of the right side of Eq.
(11) denotes the total baryon’s self-gravity while the second term denotes the gravity from
the background dark matter. Substituting Eq. (9) into Egs. (10) and (11), we obtain

4

. 2C5
P, = T = wlIG'M,. (12)

Eq. (12) shows that the maximum turbulent sound speed or the potential well depth of the
protospheroid is directly related to the background dark matter. In another words, both the
star formation activity and the feedback compression are regulated by the dark halo’s gravity
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as XWZ07 proposed. It only requires the homogeneous turbulent environment and the virial
equilibrium, without involving the detailed gas assembly physics such as monolithic collapse
or merger driven inflow. So the feedback compression combined with the halo regulation
scenario provides a more general description to the star formation process during the spheroid
formation.

Following XWZ07, during the formation of the protospheroid, the stellar feedback can
act in both inward and outward directions. At small scale (e.g. galactic nuclear region),
the inward stellar feedback (required to conserve the local momentum) obscures and regu-
lates the BH growth, while the outward stellar feedback resists the gravity at large scale.
In particular, the inward stellar feedback regulates the BH growth by interacting with the
Compton-thick wind launched from the accretion disk if super-Eddington accretion is as-
sumed (King & Pounds|[2003). The final balance between the inward stellar feedback and

the disk wind is achieved when
. 8w GM BH

K

P, (13)
where P, is the momentum flux transported by inward stellar feedback and the right side of
Eq. (13) is the momentum deposition of the disk wind. Then if the BH’s feedback is large
enough to halt the further gas supply, and a BH will end its main growth phase after Eq.
(13) is satisfied.

At a late epoch of the coeval evolution, star formation consumes most of gas and
gradually fades away. Without continuous ejecting energy and momentum from the stel-
lar feedback, the feedback-induced turbulence will decay on a crossing time of the system
(Stone et al. | [1998). Then the remaining stellar system will be virialized through violent
relaxation under the combined gravity from itself and the background dark matter. We call
the system at "initial state” after turbulence decay and before virialization, and at ”final
state” after virialization. Assuming the total energy of the initial state is E, the kinetic

energy of the final virialized state is K = —F according to the virial theorem. So we have
GM,
307 =2 ( L wHGr) —=6c2, . (14)
71 b}
Using Eq. (12), we obtain
o} o2
pPo=-1 Py = —2I (15)
2G’ 211G’

where 73, is the boundary radius of the initial state. We note that the total momentum
deposition rate from stars is only related to the velocity dispersion of the final stellar system,
independent of any parameters of the detailed star formation physics.
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Using Egs. (13) and (15), we obtain the final BH mass

4

mna Ko
Mfimal 16Wé2 = 1.5 x 10%0%,, M. (16)

The result is remarkably consistent with the low-redshift observations (Tremaine et al.
2002). The stellar bulge mass is approximately equal to M,. Using Egs. (12) and (13),
the ratio of BH mass to bulge mass can be expressed as

M Il
B B 4 X 1078 MO ()P (17)
Mbulge 7 7

which matches the Magorrian relation found for the local galaxies (Magorrian et al. [1998;
McLure & Dunlop |2002; Marconi & Hunt 2003).

4. APPLICATION TO THE HIGH-REDSHIFT STAR FORMING
GALAXIES

The gas fraction of high-redshift galaxies is much larger than that of local galaxies. In
an extremely case, we take the fraction ~ 1. In another words, the protospheroid with mass
of M, is almost totally in the gaseous form. Large amount of gas accumulating in the central
region will trigger the central vigorous starburst accompanying with strong star-forming
feedback. We mainly focus on two primary sources of star forming feedback: radiation
pressure and supernovae. The combined momentum flux deposited in these star-forming
feedback can be written as (Murray, Quataert & Thompson |2005; Xu, Wu & Zhao |12007)

P* = Prp + Psn = fmGM*Q (18)

where M, is the star formation rate and En =1+ Psn / Prp is of the order of unity in our
model. Combining Egs. (13), (16) and (18), we can easily obtain the star formation rate of
high redshift starburst galaxies

0.4

M, = 2GE e ~ 600050,E, €5 Moyr ™. (19)

Although the star formation law in the protospheroid is far from clear, we adopt an equivalent

Schmidt-Kennicutt Law in order to compare with the local disk galaxies (Schmidt | [1959;

Kennicutt | 1998)

. M,
M* = n—bv (20)
tdyn
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where 7 is the equivalent star formation efficiency and t4,,, = (37/32Gp,)'/? is the dynamical
time scale. In our model we take p, = 3M,/47r} as the average gas density where r, is the
outer boundary radius given in Eq. (15).

From Egs. (12) and (18), we have
EmeM,c = TIIGM,. (21)
Using Eq. (20) to eliminate M, /M, in Eq. (21), we get the equivalent star formation

efficiency as
B \/§af7r
= 8Emec

= 0.40200&,, €5 (22)
where €3 = €/1073.

We find that our derived equivalent SFE is much higher than that in normal disk galaxies
inferred from the Kennicutt Law, but is consistent with the high redshift star formation
observations and some small scale star formation observation (eg. SFE in the formation
of the protocluster). We note that the derived SFE is independent on the radius of the
star-forming region and time, and the larger the velocity dispersion is, the higher the star
formation efficiency is. Eq. (22) also gives us another implication for the maximum stellar
velocity dispersion. We can rewrite Eq. (22) as

4/ 2&,,
oy = WV 2nee (23)
s
The physical limit requires 7 < 1, so the maximum stellar velocity dispersion is
4/2€,,
ot = M = 540&,,eskms ™t (24)
s

According to Eq. (16), the maximum BH mass is 8 x 10 M.

Using Eqgs. (12), (15) and the expression of ¢4, , we can also obtain the characteristic
star formation timescale

tayn ~ 2mp&mec  Epec
t* — = 3 =

n 0% wllG
~ 1.0x 108§m63M;10é07[E(Z)]_Z/g‘lfc,o.sgyr- (25)

Through the feedback compression, the dark halo’s gravity regulates the SFR and SFE
to a higher level during the spheroid formation. We note that for some luminous elliptical
galaxies whose velocity dispersion o ~ 300kms~1!, the predicted star formation rate can reach
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as high as 3000Myr—!, which is consistent with the observations of high-redshift starburst
galaxies (Solomon & Vanden Bout |12005). It is also interesting to note that the star forma-
tion time scale is independent with velocity dispersion o. Furthermore, the characteristic
star formation time scale is larger than the salpeter time scale, which is usually taken to be
the typical time scale for BH’s growth. This means that the BH will first grow relatively
fast to reach the balance condition (Eq. (13)) and then grow relatively slow to response the
outside stellar feedback.

5. DISCUSSIONS

Unlike the previous momentum feedback models (King 2003; Murray, Quataert & Thompson
2005; Begelman & Nath |12005), which mainly focus on the BH feedback dynamics, our sce-
nario considers more about the star formation activity in the protospheroid and its relation
with the nuclear BH growth. Our model favors gas-rich environment at high-redshift because
large amount of gas is needed to form stars and obscure the BH. We argue that at early
epoch of BH growth (when BH is relatively small), large scale outflow or jet may not be
crucial in producing BH-bulge relations although they become important after BH’s main
growth epoch (Churazov et al. |2002). In another words, BH doesn’t generate outflow or jet
till the balance condition Eq. (13) is satisfied. The derived Mgy — o relation based on our
model is insensitive to the gas fraction and other variables, because the velocity dispersion is
the measure of the maximized turbulent velocity of the total baryon component rather than
the gas only, as Eq. (9) shows. The derived Mpy — Myyqe relation has weak dependences
on the redshift and the halo mass, which offer the intrinsic scatters to the relation.

Extremely high SFR and SFE are the results of certain "positive” feedback which is
probably due to either ”internal” or ”external” effects. [Silk| (2005) suggest that the high
SFR and SFE are triggered by the super-Eddington outflow driven by the SMBH. Such
"external” positive feedback naturally leads to a top-heavy initial mass function (IMF)
which is preferred by the early generation of star formation and predicts an antihierachi-
cal trend of SMBH growth (Merloni, Rudnick & Di Matteo|2004). However, recent optical,
infrared and X-ray studies of SMGs indicate that SMGs harbour relatively smaller SMBH
than that of typical quasars (Lvison et al.[1998; Vernet & Cimatti|2001; [Smail et al. |12003;
Alexander et al. ||2005) and the main growth phase of SMBH (”pre-quasar” phase) is heavily
obscured. Considering the SMGs themselves are massive galaxies which are reckoned as the
progenitors of local ellipticals (Greve et all2005), the vigorous star formation activity can
not be regulated by the small BH. Reversely, the star formation activity should have great
impact on the small BH. So we argue that the "internal” positive feedback which is produced
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by the star formation itself may exist in some extremely dense starburst region at median
redshift, and the SMBH outflow triggered star formation mode may only be available at very
high redshift (Walter et al. |12004). In addition, the maximized ”positive” stellar feedback is
actually related to the dark halo’s gravity in our model. Under the regulation of dark halo’s
gravity, the maximized velocity dispersion also has its maximum value, which is determined
by the physical upper-limit of SFE. The physical upper-limit of BH mass (~ 10°M) can
then be obtained by the Mgy — o relation, and the dynamical signature of such SMBHs
should be detectable (Wyithe & Loeb |12003). We note that some observational evidence do
support such result (Netzer|2003; [Vestergaard | 2004), although all of them still contain a
lot of uncertainties. We expect more accurate SMBH mass measurements in the future to
confirm our result.

6. Acknowledgments

XBW acknowledges the support from NSFC grants (No.10473001 and No.10525313),
RFDP grant (No.20050001026) and Program for New Century Excellent Talents in Univer-
sities of China.

REFERENCES
Adelberger, K. L., & Steidel, C. C. 2000, ApJ, 544, 218
Adelberger, K. L., et al. 2003, ApJ, 584, 45
Agertz, O., et al. 2006, MNRAS, submitted (astro-ph/0610051)
Alexander, D. M., et al. 2003, ApJ, 125, 383
Alexander, D. M., et al. 2005, Nature, 434, 738
Barkana, R., & Loeb, A. 2001, PhR, 349, 125
Begelman, M. C.; & Nath, B. B. 2005, MNRAS, 361, 1387
Bryan, G., & Norman, M. 1998, ApJ, 495, 80
Bullock, J. S., et al. 2001, ApJ, 555, 240

Chandrasekhar, S. 1961, Hydrodynamic and hydromagnetic stability. International Series of
Monographs on Physics, Oxford: Clarendon, 1961


http://arxiv.org/abs/astro-ph/0610051

— 11 —

Churazov, E., Sunyaev, R., Forman, W., & Bohringer, H. 2002, MNRAS, 332, 729

Clements, D. L., Sutherland, W. J., McMahon, R. G., & Saunders, W. 1996, MNRAS, 279,
477

Di Matteo, P., Springel, V., & Hernquist, L. 2005, Nature, 433, 604
Downes, D., & Solomon, P. M. 1998, ApJ, 507, 615

Elmegreen, B. G., & Efremov, Y. N. 1997, ApJ, 480, 235

Ferrarese, L., & Merritt, D. 2000, ApJ, 539, L9

Gammie, C. F., et al. 2003, ApJ, 592, 203

Gao, Y., & Solomon, P. M. 2004, ApJ, 606, 271

Gebhardt, K., et al. 2000, ApJ, 539, L.13

Greve, T. R., et al. 2005, MNRAS, 359, 1165

Heavens, A., Panter, B., Jimenez, R., & Dunlop, J. 2004, Nature, 428, 625
Ivison, R. J., et al. 1998, MNRAS, 298, 583

Kennicutt, R. C. 1998, ApJ, 498, 541

King, A. 2003, ApJ, 596, L27

King, A. R., & Pounds, K. A. 2003, MNRAS, 345, 657

Klessen, R. S., Heitsch, F., & Mac Low, M. 2000, ApJ, 535, 887
Komatsu, E., & Seljak, U. 2001, MNRAS, 327, 1353

Lehnert, M. D., & Heckman, T. M. 1996, ApJ, 472, 546

Leitherer, C., et al. 1999, ApJS, 123, 3

McKee, C. F., & Ostriker, J. P. 1977, ApJ, 218, 148

Merloni, A., Rudnick, G., & Di Matteo, T. 2004, MNRAS, 354, L37
Motte, F., et al. 2001, A&A, 372, L41

Marconi, A., & Hunt, L. K. 2003, ApJ, 589, L21



- 12 —

Magorrian, J., et al. 1998, AJ, 115, 2285

Merloni, A., Rudnick, G., & Di Matteo, T. 2004, MNRAS, 354, L37
McLure, R. J., & Dunlop, J. S. 2004, MNRAS, 352, 1390

McLure, R. J., & Dunlop, J. S. 2002, MNRAS, 331, 795

Milos, J. C., & Hernquist, L. 1996, ApJ, 464, 641

Murray, N., Quataert, E., & Thompson, T. A. 2005, ApJ, 618, 569
Navarro, J. F., Frenk, C. S., & White, S. D. M. 1997, ApJ, 490, 493
Netzer, H. 2003, ApJ, 583, L5

Padoan, P., et al. 2001, ApJ, 553, 227

Page, M. J., et al. 2001, Science, 294, 2516

Page, M. J., Stevens, J. A., Ivison, R. J., & Carrera, F. J. 2004, ApJ, 611, L85
Pettini, M., et al. 2000, ApJ, 528, 96

Schmidt, M. 1959, ApJ, 129, 243

Silk, J. 2001, MNRAS, 324, 313

Silk, J. 2005, MNRAS, 364, 1337

Smail, I., et al. 1997, ApJ, 490, L5

Smail, I, et al. 2003, MNRAS, 342, 1185

Solomon, P. M., & Vanden Bout, P. A. 2005, ARA&A, 43, 677
Steidel, C. C., et al. 1996, ApJ, 462, L17

Stevens, J. A., et al. 2004, ApJ, 604, L17

Stone, J. M., Ostriker, E. C., & Gammie, C. F. 1998, ApJ, 508, L.99
Tacconi, L. J., et al. 2006, ApJ, 640, 228

Tremaine, S., et al. 1994, AJ, 107, 634

Tremaine, S., et al. 2002, ApJ, 574, 740



— 13 —

Vernet, J., & Cimatti, A. 2001, A&A, 380, 409
Vestergaard, M. 2004, ApJ, 601, 676

Walter, F., et al. 2004, ApJ, 615, L17

Wilman, R. J., et al. 2005, Nature, 436, 227
Wryithe, J. S. B., & Loeb, A. 2003, ApJ, 595, 614

Xu, B.-X., Wu, X.-B., & Zhao, H. 2007, ApJ, in press (astro-ph/0701792)

This preprint was prepared with the AAS I4TEX macros v5.2.


http://arxiv.org/abs/astro-ph/0701792

	INTRODUCTION
	STAR FORMATION UNDER THE MOMENTUM FEEDBACK COMPRESSION
	"HALO-REGULATED" STAR FORMATION AND BLACK HOLE GROWTH
	APPLICATION TO THE HIGH-REDSHIFT STAR FORMING GALAXIES
	DISCUSSIONS
	Acknowledgments

