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Figure 1. M•–σ relation for our full sample of 72 galaxies listed in Table 3 and at http://blackhole.berkeley.edu. Brightest cluster galaxies (BCGs) that are also the
central galaxies of their clusters are plotted in green, other elliptical and S0 galaxies are plotted in red, and late-type spiral galaxies are plotted in blue. NGC 1316 is
the most luminous galaxy in the Fornax cluster, but it lies at the cluster outskirts; the green symbol here labels the central galaxy NGC 1399. M87 lies near the center
of the Virgo cluster, whereas NGC 4472 (M49) lies ∼1 Mpc to the south. The black hole masses are measured using the dynamics of masers (triangles), stars (stars), or
gas (circles). Error bars indicate 68% confidence intervals. For most of the maser galaxies, the error bars in M• are smaller than the plotted symbol. The black dotted line
shows the best-fitting power law for the entire sample: log10(M•/M⊙) = 8.32+5.64 log10(σ/200 km s−1). When early-type and late-type galaxies are fit separately, the
resulting power laws are log10(M•/M⊙) = 8.39+5.20 log10(σ/200 km s−1) for the early type (red dashed line), and log10(M•/ M⊙) = 8.07+5.06 log10(σ/200 km s−1)
for the late type (blue dot-dashed line). The plotted values of σ are derived using kinematic data over the radii rinf < r < reff .
(A color version of this figure is available in the online journal.)

(L), and stellar bulge mass (Mbulge). As reported below, our new
compilation results in a significantly steeper power law for the
M•–σ relation than in G09 and the recent investigation by B12,
who combined the previous sample of 49 black holes from G09
with a larger sample of upper limits on M• from Beifiori et al.
(2009). We still find a steeper power law than G09 or B12 when
we include these upper limits in our fit to the M•–σ relation.
We have performed a quadratic fit to M•(σ ) and find a marginal
amount of upward curvature, similar to previous investigations
(Wyithe 2006a, 2006b; G09).

Another important measurable quantity is the intrinsic or
cosmic scatter in M• for fixed galaxy properties. Quantifying the
scatter in M• is useful for identifying the tightest correlations
from which to predict M• and for testing different scenarios of
galaxy and black hole growth. In particular, models of stochastic
black hole and galaxy growth via hierarchical merging predict
decreasing scatter in M• as galaxy mass increases (e.g., Peng
2007; Jahnke & Macciò 2011). Previous empirical studies of
the black hole scaling relations have estimated the intrinsic
scatter in M• as a single value for the entire sample. Herein,
we take advantage of our larger sample to estimate the scatter
as a function of σ , L, and Mbulge.

In Section 2 we summarize our updated compilation of 72
black hole mass measurements and 35 bulge masses from dy-
namical studies. In Section 3 we present fits to the M•–σ , M•–L,
and M•–Mbulge relations and highlight subsamples that yield in-
teresting variations in the best-fit power laws. In particular, we
examine different cuts in σ , L, and Mbulge, as well as cuts based
on galaxies’ morphologies and surface brightness profiles. In
Section 4 we discuss the scatter in M• and its dependence on
σ , L, and Mbulge. In Section 5 we discuss how our analysis of
galaxy subsamples may be beneficial for various applications of
the black hole scaling relations.

Our full sample of black hole masses and galaxy properties is
available online at http://blackhole.berkeley.edu. This database
will be updated as new results are published. Investigators are
encouraged to use this online database and inform us of updates.

2. AN UPDATED BLACK HOLE AND GALAXY SAMPLE

Our full sample of 72 black hole masses and their host
galaxy properties are listed in Table 3, which appears at the
end of this paper. The corresponding M• versus σ , L, and Mbulge
are plotted in Figures 1–3. This sample is an update of our
previous compilation of 67 dynamical black hole measurements,
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Section 4 we discuss the scatter in M• and its dependence on
σ , L, and Mbulge. In Section 5 we discuss how our analysis of
galaxy subsamples may be beneficial for various applications of
the black hole scaling relations.

Our full sample of black hole masses and galaxy properties is
available online at http://blackhole.berkeley.edu. This database
will be updated as new results are published. Investigators are
encouraged to use this online database and inform us of updates.

2. AN UPDATED BLACK HOLE AND GALAXY SAMPLE

Our full sample of 72 black hole masses and their host
galaxy properties are listed in Table 3, which appears at the
end of this paper. The corresponding M• versus σ , L, and Mbulge
are plotted in Figures 1–3. This sample is an update of our
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Megamaser Disk Galaxies

Ai-Lei Sun (Princeton graduate student), Anil Seth (Utah), Ronald Laesker 
(MPIA)

Feng Gao (NRAO), Cheng-Yu Kuo (ASIAA), James Braatz, Fred Lo, James 
Condon (NRAO)



NGC 4258

H20 megamasers (microwave 
amplification by stimulated emission; 
102-104 L⦿) as dynamical tracers

Very precise BH mass (3.9±0.1 x 107 

M⦿), relatively free of systematic bias

With accelerations, also measure an 
independent distance

Along with MW, best case to rule out 
astrophysical alternatives to SMBH 
(e.g., Maoz et al. 1995, 1998)

Miyoshi et al., Herrnstein et al., Greenhill, Humphreys, Moran
galaxy is ~7 Mpc away



VLBI 

Spatial distribution on the sky reveals an 
edge-on disk

Rotation curves reveal Keplerian rotation
around a (very) compact object 

Reid et al. 2009
UGC 03789

16

Fig. 3.— Maser distributions (top panels) and rotation curves (bottom panels) for NGC 1194 , NGC 2273, UGC 3789, and NGC 2960.
The maser distribution has been rotated to horizontal to show the scatter in the maser positions and the offset of the systemic masers from
the plane defined by high-velocity masers more clearly. The coordinate system is chosen to place the centroid of the high-velocity maser
disk (blue and red points) at θy = 0 and the centroid of the systemic masers (green points) at θx = 0. The axes for the maps show relative
position in milliarcseconds, and North (N) and east (E) are indicated by directional arrows on each map. The bottom panel for each galaxy
shows the rotation curves of the redshifted and blueshifted masers (red and blue points on the curves) plotted with the best-fit Keplerian
(solid curve) and Plummer (dotted curve) rotation curves. The velocities shown in the figure are the LSR velocities after the special and
general relativistic corrections. The residuals (data minus Keplerian curve in red and blue; data minus Plummer curve in black) are in the
bottom part of each figure. Note that we plot the rotation curve with the impact parameter θ (mas) as the ordinate and rotation speed |v|
(km s−1) as the abscissa for the convenience of fitting.

Kuo et al. 2011 presents 7 new BH masses.
Gao, Braatz, et al. in prep will present 5 more.
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Kuo et al. 2011
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See also Hu 2008, 
Gadotti & Kauffman 2008,

Kormendy et al. 2011
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Figure 8. Relation between BH mass and bulge velocity dispersion for the maser galaxies presented here (open circles) and those from the literature (gray stars).
IC 2560 is indicated with a cross and the BH mass error bar is heuristic only. For reference, we show the MBH–σ∗ relation of elliptical galaxies from Gültekin et al.
(2009, red dashed line). The maser galaxies trace a population of low-mass systems whose BHs lie below the MBH–σ∗ relation defined by elliptical galaxies. The
largest outlier galaxies are (from highest to lowest MBH) NGC 2960, NGC 6323, and NGC 2273.

Sérsic index, see Section 5.1). These authors also show that the
average B/T of pseudobulges (0.16) is lower than that of clas-
sical bulges (0.4) with a large spread. Gadotti (2009), on the
other hand, advocates use of the Kormendy (1977) relation as a
discriminator, since pseudobulges tend to have lower central sur-
face brightnesses at a fixed radius (see also Carollo 1999; Fisher
& Drory 2008). Finally, while classical bulges are typified by
old stellar populations, pseudobulges tend to have ongoing star
formation (e.g., Kormendy & Kennicutt 2004; Drory & Fisher
2007; Fisher et al. 2009; Gadotti 2009). Since deriving robust
velocity measurements is beyond the scope of this paper, and
in the absence of more robust structural information, we rely
on morphology and stellar population properties at the present
time.

The nearest, well-studied targets in our sample (NGC 4388,
and NGC 2273) probably contain pseudobulges. In the case of
NGC 2273, this classification is based on both the young stellar
populations and the rings and nuclear disk. NGC 4388 is less
certain, but there is clear evidence for recent star formation and
dust. We suspect that NGC 6264 contains a pseudobulge, given
its morphological similarities with NGC 2273 (namely the outer
ring and inner bar) and the evidence for young stars. The same
goes for NGC 3393 and IC 2560, which each contain an outer
ring, a bar, and an inner ring. On the other hand, NGC 1194,
with both evolved stellar populations and a large bulge, probably
contains a classical bulge. NGC 2960 has some of the clearest
evidence for ongoing star formation, and so we tentatively put
it into the pseudobulge category. Finally, we remain agnostic

about NGC 6323, which is one of the most distant targets. Thus,
of the nine targets we consider, at least seven likely contain
pseudobulges.

6. SCALING BETWEEN MBH AND σ∗

In Figure 8, we present the location of the megamaser galaxies
in the MBH–σ∗ plane. The maser galaxies do not follow the
extrapolation of the MBH–σ∗ relation defined by the elliptical
galaxies. Instead, they scatter towards smaller BH masses at
a given velocity dispersion. Quantitatively, taking ∆MBH ≡
log(MBH) − log[M(σ∗)], where log[M(σ∗)] is the expected MBH
given σ∗, we find ⟨∆MBH⟩ = 0.24 ± 0.10 dex. There are many
hints in the literature that the MBH–σ∗ relation does not extend
to low-mass and late-type galaxies in a straightforward manner
(e.g., Hu 2008; Greene et al. 2008; Gadotti & Kauffmann
2009). However, the precision BH masses afforded by the maser
galaxies make a much stronger case. The MBH–σ∗ relation is
not universal. Neither the shape nor the scatter of the elliptical
galaxy MBH–σ∗ relation provides a good description of the
maser galaxies in this plane.

We now add the maser galaxies to the larger sample of local
galaxies with dynamical BH masses to show that indeed a single,
low-scatter power-law does not provide an adequate description
of all galaxies in the MBH–σ∗ plane. For convenience and to
facilitate comparison with previous work, we assume a power
law for all fits, although that form may not provide the best
description of the sample as a whole.
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Fig. 2.— Left: Three-band HST/WFC3 image including filters F336W, F438W, and F814W

(Greene et al. 2013). To match the data cube, E is up and N to the right, identical to the

middle image. The yellow box has a size of 11⇥⇥ (⇥ 1 kpc), and matches the region shown in

the middle image. Middle: A zoom-in on the nuclear disk as revealed by our HST/WFC3

F160W image. The red box shows a 4 � 4⇥⇥ region (360�360 pc), corresponding to the

SINFONI IFU region that we display in all subsequent figures. We schematically indicate

the 24� orientation of the 100 pc-scale jet (J; magenta), the maser at 107� (M; blue), the

large-scale disk at 90� (LD; black dashed), and the nuclear disk at 75� (ND; yellow dashed).

Right: Radial profile of the F160W image, including PA measured E of N, and ellipticity.

The extent of the nuclear disk, with a PA of 75�, is indicated with the vertical dotted lines.

We also indicate with horizontal lines the PA of the large-scale disk (90�, dashed) and the

megamaser disk on sub-pc scales (107�, dotted).
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Fig. 3.— Top: Stellar rotation (left), velocity dispersion (center), and V/� (right) fields

as derived from the Voronoi-binned data using pPXF. The orientation has North left and

East up, while the sub-pc megamaser disk orientation is indicated. Bottom: Rotation (left),

velocity dispersion (center), and V/� (right) as a function of radius at all position angles

(black) and along the major axis (blue). For illustration (center), we also show the CO EW

along the major axis slice in magenta, scaled up for plotting purposes. Particularly note the

asymmetric fall in dispersion seen only to one side of the galaxy. To investigate whether this

drop in �� is real, or an artifact of the fitting, we refit with a polynomial degree of two (red

solid line), only K5III templates (green dashed line) and with Wallace templates using only

giant stars (long-dashed royal blue). Although the dispersion in the center is uncertain due

to AGN contamination, the �-drop persists in all of these fits.
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Sun et al. 2013

very few
ellipticals with real 
measurements...

c.f. scatter of 0.47 in 
MBH-σ* for late-type galaxies

Kormendy et al. 
2011

ellipticals not fitted
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Figure 2 — Left: Image of UGC 3789 using our three WFC3/UVIS bands (F336W, F435W,
F814W). The scale bar indicates 4⇥⇥ (1 kpc). North is up and East to the left. The two prominent
star-forming rings are easily seen in the radial profile as well. Note the complex nuclear structures,
including a bar and ring, on sub-arcsec scales. Right: Radial profile of the galaxy in F160W (open
circles) and best-fit GALFIT model (solid) broken into components, with the bulge shown in dot-
ted red and the disk in dashed blue (Läsker et al. in prep). We also identify an inner flattened
component.

Figure 3 — Left: The lack of correlation between MBH and �� for megamaser disk galaxies. Stellar
velocity dispersions are measured in 2⇥⇥ radii, with no contamination from the kpc-scale disk. Blue
symbols are the galaxies proposed for here (Greene et al. in prep) while open circles are from Greene
et al. (2010) and stars and red-dashed line are from McConnell & Ma (2013). Right: Relationship
between bulge mass and MBH for the galaxies in our Cycle 18 HST proposal (black open circles;
Läsker et al. in prep). The bulge luminosity is determined from GALFIT models to the F160W
data, while the mass-to-light ratio uses bulge colors from the optical bands and the conversion of
Zibetti et al. (2009). In blue, we show where the new sample may fall assuming that Mbulge � �2r;
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CP Ma, Greene, McConnell et al. submitted 
(arXiv: 1407.1054)

MASSIVE 

~100 most MASSIVE galaxies within ~100 
Mpc (2MASS selected)

Uniform IFU spectroscopy on 2’ scales with 
VIRUSP (McDonald Obs.) and AO-assisted 

with OSIRIS and NIFS

Uniform, deep K-band imaging, eventually 
also X-ray, radio, HST, etc... 
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2MASS RS Group Catalog
 (Crook et al 2007)

90 galaxies are
in “groups”

26 are group less

CP Ma, Greene, McConnell et al. submitted 
(arXiv: 1407.1054)
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The Future

WIll we measure BH masses dynamically at cosmological redshifts?

Will we do a Sloan-like galaxy survey at z~2?

Will we spatially separate star formation/bulge formation from QSO light in 
z~2 QSOs?

Will we measure gas content directly in the AGN we find?

Will we find all the Compton thick AGN?



After 40 years...



After 40 years...

What is the future of the AGN-star formation 
connection?
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Figure 3. SFR–BHAR relation, calculated from the 8–1000 µm LIR and the
2–10 keV LX with Equations (2) and (3) for the entire 250 µm sample
of 1767 galaxies (red circles). The X-ray stacking luminosity for the X-ray
non-detections are shown as downward triangles and the X-ray/IRAC-selected
AGNs are shown as stars. The sources are binned in approximately equal size
SFR bins, with the vertical bars showing the errors from bootstrap re-sampling
in each bin. The data points are plotted on the average LIR of each bin. The
dashed green line on the top is ṀBH = SFR/500 and the dotted green line in the
bottom is the Lehmer et al. (2010) SFR–LX relation. In the top panel, we also
present the AGN detection fraction (fAGN) with the total number of galaxies in
each bin. The width of each bin in the histogram covers the SFR range in the
bin. This figure shows that the average BHAR is strongly correlated with the
SFR in all rapidly star-forming galaxies.
(A color version of this figure is available in the online journal.)

The uncertainties in LIR were also taken into our bootstrap
analysis. In each bootstrapping sub-sample, we first randomly
re-sampled our sources with replacements, then replaced the
original LIR for each source using a random normal error with
an 1σ value of 0.17 dex. We then re-binned the random sample
using the same bins. For each bin, we recalculated the stacked
LX

stacking and the uncertainties for the sources that were not iden-
tified as AGNs, then replaced the LX for every detected AGN
in the bin with a new LX within the normal error of the origi-
nal AGN LX. Finally, we recalculated the ⟨LX⟩ and the average
LIR for each bin. We repeated the bootstrapping 5000 times, at
which the variances in ⟨LX⟩ and LIR converge to finite values.
The results are shown in Figures 3 and 4 and are discussed in
the next section.

3. RESULTS

In this section, we discuss the correlation between the average
BHAR and SFR in star-forming galaxies. We divided the
galaxies in our sample into bins of SFR, and calculated the
average BHAR in each bin, yielding an approximately linear
correlation between the LIR and the average X-ray luminosity.

3.1. The SFR–BHAR Correlation

Using Equation (4), we can calculate the average LX in
each bin of SFR. However, it is well known that high-mass
and low-mass X-ray binaries (HMXBs and LMXBs) can also
generate X-ray luminosity that is correlated with SFR (e.g.,
Grimm et al. 2003; Ranalli et al. 2003; Gilfanov et al. 2004;
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Figure 4. Comparison of our result from Figure 3 (filled symbols) to the
SPIRE-selected, z ∼ 1 sample in the CDF-N field (Symeonidis et al. 2011,
open symbols), which is covered by a much deeper, pencil-beam-sized field.
The axis, symbols, and the error bars have the same meanings as in Figure 3. The
correlation of Equation (5) is shown as the dashed line. This comparison shows
that even though the correlation between the LX and LIR for identified AGNs
varies with the depth of the observations, the average correlation is consistent.
(A color version of this figure is available in the online journal.)

Lehmer et al. 2010). To accurately estimate the SMBH accretion
rate, we calculated the X-ray luminosities related to star-
forming processes in each bin of SFR using the equation
LSF

X = αM⋆ +βSFR, which is the SFR–LX relation for HMXBs
and LMXBs in Lehmer et al. (2010). In this equation, the stellar
mass M⋆ is only weakly correlated with SFR in active star-
forming galaxies (e.g., SFR > 5 M⊙ yr−1). Thus, for our sample
and the Chabrier IMF we adopted, the equation can be re-
written into LSF

X = 1026.4SFR0.3 + 1039.3SFR (see Equation (3)
in Symeonidis et al. 2011, for more details).

In addition, we also tested whether the limited volume of the
sample could affect the BHAR–SFR correlation. AGNs with
the highest luminosity are rare in this redshift range (and so
might not be detected in our survey volume), but may contribute
significantly to the ⟨LX⟩ of our sample. We estimated the
contribution of these rare, extremely luminous AGNs to the
⟨LX⟩ using the X-ray luminosity function (XLF) from Aird
et al. (2010). We note that the AGN XLF was not designed
to represent the X-ray luminosity from the sources without
direct X-ray observations, thus we first estimated the effect of
limited volume on the sources that were identified as AGNs
in our sample, i.e., LX > 1042 erg s−1; then, we calculated
the effect on the full population by adjusting the result from
detected AGNs based on the AGN detection fraction. In detail,
at the average redshift range of each SFR bin of our sample,
we first calculated the “intrinsic” average AGN luminosity by
directly integrating the XLF at LX > 1042 erg s−1. Then, we
estimated the “detected” average AGN luminosity by integrating
the XLF with a high-end cutoff luminosity, at which the number
of the detected AGNs in the volume of each SFR bin is !1.
We found that the difference between the “intrinsic” average
AGN luminosity and the “detected” average AGN luminosity is
10%–3% from the first bin to the last bin of SFR in our sample.
After the adjustments of the AGN detection fraction in each bin,
the corrections on ⟨LX⟩ would become 6.4%, 2.5%, 2.2%,
and 2.9%, respectively. These corrections are small and do
not make a notable difference to our study of the BHAR–SFR
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Figure 11. Redshift evolution of the mean gas depletion time (left) and gas mass fraction (right) for main-sequence galaxies from our lensed and reference samples
for which a CO-based measurement of MH2 is available. Error bars show the standard deviation within each redshift bin. The different colors represent the following
datasets: blue: representative z = 0 sample from COLD GASS; green: galaxies from Geach et al. (2011) and Bauermeister et al. (2013) at z ∼ 0.4; orange: the
incompleteness-corrected mean values from Tacconi et al. (2013). The red points show the contribution from this study and include all the galaxies in the specified
redshift intervals from the lensed and comparison samples as well as from PHIBSS, and corrects for sample incompleteness. On the left plot, the gray shaded region
shows the expected trend between tdep(H2) and z described by Equation (10), for α = [−1.0,−1.5]. On the right panel, the gray shaded region is the expected redshift
dependence of fgas derived from Equations (9)–(11), assuming that α = −1.0 (Tacconi et al. 2013) and sSFR follows Equation (11) (Lilly et al. 2013). Alternative
relations for fgas(z) are obtained by assuming that sSFR ∝ (1 + z)2.8 at all redshifts (dotted dark blue line), or else reaches a plateau at z = 2 (dashed light blue line).
(A color version of this figure is available in the online journal.)

disks as a function of redshift. Several studies have now reported
a rapid increase of fgas with redshift (Tacconi et al. 2010; Daddi
et al. 2010a; Geach et al. 2011; Magdis et al. 2012a). The most
robust analysis so far was performed by Tacconi et al. (2013). In
that work, the PHIBSS data at z ∼ 1 and z ∼ 2 were corrected
for incompleteness and compared to a matched local control
sample extracted from the COLD GASS catalog, revealing an
increase of fgas from 8% at z = 0 to 33% at z ∼ 1 and 47%
at z ∼ 2. These three secure measurements are reproduced in
Figure 11 (right panel). There are very few galaxies at z ∼ 0.5
with published CO measurements, but in Figure 11, the few
systems found in Geach et al. (2011) and Bauermeister et al.
(2013) are compiled (CO measurements for several galaxies
with 0.6 < z < 1.0 are published also in Combes et al. (2012),
but we do not include them here as they are above MS objects).

As the PHIBSS sample extends to z = 2.4, we combine all
the MS galaxies in our lensed and comparison samples above
that redshift to derive a mean gas fraction of 40% ± 15% at
⟨z⟩ = 2.8. We then apply the methodology of Tacconi et al.
(2013) to correct for sample incompleteness. As the sample of
lensed galaxies with z > 2.4 is richer in on MS and below MS
galaxies, accounting for this bias raises the mean gas fraction
to 44%. Therefore, our observations suggest that the trend for
increasing gas fraction with redshift does not extend beyond
z ∼ 2, and may even be reversing.

Can this flattening of the relation between gas fractions and
redshift at z > 2 be expected under the equilibrium model? The
definition of the gas fraction (Equation (9)) can be re-expressed
as

fgas = 1
1 + (tdepsSFR)−1

, (9)

and the best predictions available for the redshift evolution of
tdep and sSFR used to compute the expected behavior of fgas(z).
As explained in Section 5.3, it is estimated that

tdep(z) = 1.5(1 + z)α[Gyr], (10)

with α measured to be −1.0 by Tacconi et al. (2013) and
predicted to be −1.5 in the analytic model of Davé et al.
(2012). The relation is normalized to the typical depletion time
of 1.5 Gyr observed in local galaxies (Leroy et al. 2008; Bigiel
et al. 2011; Saintonge et al. 2011b, 2012). Based on studies of
the slope and redshift evolution of the star formation MS, the
typical sSFR (in Gyr−1) of a star-forming galaxy of mass M∗ at
redshift z is

sSFR(M∗, z) =

⎧
⎪⎨

⎪⎩

0.07
(

M∗
1010.5 M⊙

)−0.1
(1 + z)3 if z < 2

0.30
(

M∗
1010.5 M⊙

)−0.1
(1 + z)5/3 if z > 2.

(11)
The above equation is presentd by Lilly et al. (2013) based on
results from a number of recent high-redshift imaging surveys
(Noeske et al. 2007; Elbaz et al. 2007; Daddi et al. 2007; Pannella
et al. 2009; Stark et al. 2013). The expected redshift evolution of
the gas fraction for galaxies of a given stellar mass can then be
obtained by combining Equations (9)–(11). For galaxies in the
mass range 1010–5 × 1011 and for α = −1.0 in Equation (10),
the expected trend is shown in Figure 11 as the light gray band.
At z > 2, fgas flattens out because of the shallower evolution of
sSFR with redshift mostly canceling out the (1 + z)−1 term from
the tdep(H2) relation (Equation (10)). This model predicts a very
modest evolution of the mean gas fraction from 47% at z = 2.2
to 49% at z = 2.8, consistent with our measurement.
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Figure 3. Examples of AGN host galaxies that were classified as having spheroid and disk morphologies, as well as two galaxies experiencing disruptive interactions.
Thumbnails on the top row are WFC3/IR images taken in the F160W (H) band (rest-frame optical), while those on the bottom row are from ACS/WFC in the F775W
(i) band (rest-frame ultraviolet). These images demonstrate that accurately classifying the morphology of these galaxies at z ∼ 2 requires H-band imaging.

Figure 4. Fraction of AGN hosts (red triangles) and control galaxies (blue squares) at 1.5 < z < 2.5 assigned to various morphological and disturbance classes. The
Pure Disk class includes only disks without a central bulge. The Pure Disk class is a subsample of the All Disks class, which includes disks with and without a central
bulge. Similarly, the Pure Spheroid class includes only spheroids with no discernible disk component. The All Spheroids class includes both Pure Spheroids and disk
galaxies with a central bulge. The Disturbed I class is limited to heavily disturbed galaxies in a clear merger or interaction. The Disturbed II class includes galaxies in
the Disturbed I class, as well as those showing even minor asymmetries in their morphologies. See the text for details.
(A color version of this figure is available in the online journal.)

Table 1
Visual Classification Results

Classification AGN Control AGN AGN
Hosts Galaxies LX < 1043 erg s−1 LX > 1043 erg s−1

Pure disk 16.7+5.3
−3.5% 30.1+3.3

−2.9% 21.0+8.0
−5.1% 12.5+8.2

−3.7%

All disks 51.4+5.8
−5.9% 69.0+2.9

−3.3% 68.4+6.5
−8.3% 34.4+9.1

−7.3%

Pure spheroid 27.8+5.8
−4.6% 16.9+2.8

−2.2% 18.4+7.9
−4.7% 40.6+9.0

−7.9%

All spheroids 62.5+5.3
−6.0% 55.7+3.3

−3.4% 65.8+6.7
−8.3% 62.5+7.5

−9.1%

Irregular 16.7+5.3
−3.5% 18.2+2.9

−2.3% 21.0+8.0
−5.1% 06.3+7.3

−2.1%

Point-like 09.7+4.7
−2.5% 05.5+2.0

−1.2% 02.6+5.6
−0.8% 18.8+8.7

−5.0%

Disturbed I 16.7+5.3
−3.5% 15.5+2.8

−2.2% 15.8+7.7
−4.2% 18.8+8.7

−5.0%

Disturbed II 44.4+5.9
−5.6% 48.4+3.4

−3.4% 36.8+8.3
−7.0% 53.1+8.4

−8.8%

Companion 19.4+5.5
−3.8% 19.6+3.0

−2.4% 18.4+7.9
−4.7% 21.9+8.9

−5.6%

Undisturbed 55.6+5.6
−5.9% 52.1+3.3

−3.4% 63.2+7.0
−8.3% 46.9+8.7

−8.4%

Notes. The Pure Disk and Pure Spheroid classes are included in the All Disks and All Spheroids classes, respectively. Likewise,
the Disturbed I class is a subset of the Disturbed II class.
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Figure 3. SFR–BHAR relation, calculated from the 8–1000 µm LIR and the
2–10 keV LX with Equations (2) and (3) for the entire 250 µm sample
of 1767 galaxies (red circles). The X-ray stacking luminosity for the X-ray
non-detections are shown as downward triangles and the X-ray/IRAC-selected
AGNs are shown as stars. The sources are binned in approximately equal size
SFR bins, with the vertical bars showing the errors from bootstrap re-sampling
in each bin. The data points are plotted on the average LIR of each bin. The
dashed green line on the top is ṀBH = SFR/500 and the dotted green line in the
bottom is the Lehmer et al. (2010) SFR–LX relation. In the top panel, we also
present the AGN detection fraction (fAGN) with the total number of galaxies in
each bin. The width of each bin in the histogram covers the SFR range in the
bin. This figure shows that the average BHAR is strongly correlated with the
SFR in all rapidly star-forming galaxies.
(A color version of this figure is available in the online journal.)

The uncertainties in LIR were also taken into our bootstrap
analysis. In each bootstrapping sub-sample, we first randomly
re-sampled our sources with replacements, then replaced the
original LIR for each source using a random normal error with
an 1σ value of 0.17 dex. We then re-binned the random sample
using the same bins. For each bin, we recalculated the stacked
LX

stacking and the uncertainties for the sources that were not iden-
tified as AGNs, then replaced the LX for every detected AGN
in the bin with a new LX within the normal error of the origi-
nal AGN LX. Finally, we recalculated the ⟨LX⟩ and the average
LIR for each bin. We repeated the bootstrapping 5000 times, at
which the variances in ⟨LX⟩ and LIR converge to finite values.
The results are shown in Figures 3 and 4 and are discussed in
the next section.

3. RESULTS

In this section, we discuss the correlation between the average
BHAR and SFR in star-forming galaxies. We divided the
galaxies in our sample into bins of SFR, and calculated the
average BHAR in each bin, yielding an approximately linear
correlation between the LIR and the average X-ray luminosity.

3.1. The SFR–BHAR Correlation

Using Equation (4), we can calculate the average LX in
each bin of SFR. However, it is well known that high-mass
and low-mass X-ray binaries (HMXBs and LMXBs) can also
generate X-ray luminosity that is correlated with SFR (e.g.,
Grimm et al. 2003; Ranalli et al. 2003; Gilfanov et al. 2004;
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Figure 4. Comparison of our result from Figure 3 (filled symbols) to the
SPIRE-selected, z ∼ 1 sample in the CDF-N field (Symeonidis et al. 2011,
open symbols), which is covered by a much deeper, pencil-beam-sized field.
The axis, symbols, and the error bars have the same meanings as in Figure 3. The
correlation of Equation (5) is shown as the dashed line. This comparison shows
that even though the correlation between the LX and LIR for identified AGNs
varies with the depth of the observations, the average correlation is consistent.
(A color version of this figure is available in the online journal.)

Lehmer et al. 2010). To accurately estimate the SMBH accretion
rate, we calculated the X-ray luminosities related to star-
forming processes in each bin of SFR using the equation
LSF

X = αM⋆ +βSFR, which is the SFR–LX relation for HMXBs
and LMXBs in Lehmer et al. (2010). In this equation, the stellar
mass M⋆ is only weakly correlated with SFR in active star-
forming galaxies (e.g., SFR > 5 M⊙ yr−1). Thus, for our sample
and the Chabrier IMF we adopted, the equation can be re-
written into LSF

X = 1026.4SFR0.3 + 1039.3SFR (see Equation (3)
in Symeonidis et al. 2011, for more details).

In addition, we also tested whether the limited volume of the
sample could affect the BHAR–SFR correlation. AGNs with
the highest luminosity are rare in this redshift range (and so
might not be detected in our survey volume), but may contribute
significantly to the ⟨LX⟩ of our sample. We estimated the
contribution of these rare, extremely luminous AGNs to the
⟨LX⟩ using the X-ray luminosity function (XLF) from Aird
et al. (2010). We note that the AGN XLF was not designed
to represent the X-ray luminosity from the sources without
direct X-ray observations, thus we first estimated the effect of
limited volume on the sources that were identified as AGNs
in our sample, i.e., LX > 1042 erg s−1; then, we calculated
the effect on the full population by adjusting the result from
detected AGNs based on the AGN detection fraction. In detail,
at the average redshift range of each SFR bin of our sample,
we first calculated the “intrinsic” average AGN luminosity by
directly integrating the XLF at LX > 1042 erg s−1. Then, we
estimated the “detected” average AGN luminosity by integrating
the XLF with a high-end cutoff luminosity, at which the number
of the detected AGNs in the volume of each SFR bin is !1.
We found that the difference between the “intrinsic” average
AGN luminosity and the “detected” average AGN luminosity is
10%–3% from the first bin to the last bin of SFR in our sample.
After the adjustments of the AGN detection fraction in each bin,
the corrections on ⟨LX⟩ would become 6.4%, 2.5%, 2.2%,
and 2.9%, respectively. These corrections are small and do
not make a notable difference to our study of the BHAR–SFR
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Figure 11. Redshift evolution of the mean gas depletion time (left) and gas mass fraction (right) for main-sequence galaxies from our lensed and reference samples
for which a CO-based measurement of MH2 is available. Error bars show the standard deviation within each redshift bin. The different colors represent the following
datasets: blue: representative z = 0 sample from COLD GASS; green: galaxies from Geach et al. (2011) and Bauermeister et al. (2013) at z ∼ 0.4; orange: the
incompleteness-corrected mean values from Tacconi et al. (2013). The red points show the contribution from this study and include all the galaxies in the specified
redshift intervals from the lensed and comparison samples as well as from PHIBSS, and corrects for sample incompleteness. On the left plot, the gray shaded region
shows the expected trend between tdep(H2) and z described by Equation (10), for α = [−1.0,−1.5]. On the right panel, the gray shaded region is the expected redshift
dependence of fgas derived from Equations (9)–(11), assuming that α = −1.0 (Tacconi et al. 2013) and sSFR follows Equation (11) (Lilly et al. 2013). Alternative
relations for fgas(z) are obtained by assuming that sSFR ∝ (1 + z)2.8 at all redshifts (dotted dark blue line), or else reaches a plateau at z = 2 (dashed light blue line).
(A color version of this figure is available in the online journal.)

disks as a function of redshift. Several studies have now reported
a rapid increase of fgas with redshift (Tacconi et al. 2010; Daddi
et al. 2010a; Geach et al. 2011; Magdis et al. 2012a). The most
robust analysis so far was performed by Tacconi et al. (2013). In
that work, the PHIBSS data at z ∼ 1 and z ∼ 2 were corrected
for incompleteness and compared to a matched local control
sample extracted from the COLD GASS catalog, revealing an
increase of fgas from 8% at z = 0 to 33% at z ∼ 1 and 47%
at z ∼ 2. These three secure measurements are reproduced in
Figure 11 (right panel). There are very few galaxies at z ∼ 0.5
with published CO measurements, but in Figure 11, the few
systems found in Geach et al. (2011) and Bauermeister et al.
(2013) are compiled (CO measurements for several galaxies
with 0.6 < z < 1.0 are published also in Combes et al. (2012),
but we do not include them here as they are above MS objects).

As the PHIBSS sample extends to z = 2.4, we combine all
the MS galaxies in our lensed and comparison samples above
that redshift to derive a mean gas fraction of 40% ± 15% at
⟨z⟩ = 2.8. We then apply the methodology of Tacconi et al.
(2013) to correct for sample incompleteness. As the sample of
lensed galaxies with z > 2.4 is richer in on MS and below MS
galaxies, accounting for this bias raises the mean gas fraction
to 44%. Therefore, our observations suggest that the trend for
increasing gas fraction with redshift does not extend beyond
z ∼ 2, and may even be reversing.

Can this flattening of the relation between gas fractions and
redshift at z > 2 be expected under the equilibrium model? The
definition of the gas fraction (Equation (9)) can be re-expressed
as

fgas = 1
1 + (tdepsSFR)−1

, (9)

and the best predictions available for the redshift evolution of
tdep and sSFR used to compute the expected behavior of fgas(z).
As explained in Section 5.3, it is estimated that

tdep(z) = 1.5(1 + z)α[Gyr], (10)

with α measured to be −1.0 by Tacconi et al. (2013) and
predicted to be −1.5 in the analytic model of Davé et al.
(2012). The relation is normalized to the typical depletion time
of 1.5 Gyr observed in local galaxies (Leroy et al. 2008; Bigiel
et al. 2011; Saintonge et al. 2011b, 2012). Based on studies of
the slope and redshift evolution of the star formation MS, the
typical sSFR (in Gyr−1) of a star-forming galaxy of mass M∗ at
redshift z is

sSFR(M∗, z) =

⎧
⎪⎨

⎪⎩

0.07
(

M∗
1010.5 M⊙

)−0.1
(1 + z)3 if z < 2

0.30
(

M∗
1010.5 M⊙

)−0.1
(1 + z)5/3 if z > 2.

(11)
The above equation is presentd by Lilly et al. (2013) based on
results from a number of recent high-redshift imaging surveys
(Noeske et al. 2007; Elbaz et al. 2007; Daddi et al. 2007; Pannella
et al. 2009; Stark et al. 2013). The expected redshift evolution of
the gas fraction for galaxies of a given stellar mass can then be
obtained by combining Equations (9)–(11). For galaxies in the
mass range 1010–5 × 1011 and for α = −1.0 in Equation (10),
the expected trend is shown in Figure 11 as the light gray band.
At z > 2, fgas flattens out because of the shallower evolution of
sSFR with redshift mostly canceling out the (1 + z)−1 term from
the tdep(H2) relation (Equation (10)). This model predicts a very
modest evolution of the mean gas fraction from 47% at z = 2.2
to 49% at z = 2.8, consistent with our measurement.
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Figure 3. Examples of AGN host galaxies that were classified as having spheroid and disk morphologies, as well as two galaxies experiencing disruptive interactions.
Thumbnails on the top row are WFC3/IR images taken in the F160W (H) band (rest-frame optical), while those on the bottom row are from ACS/WFC in the F775W
(i) band (rest-frame ultraviolet). These images demonstrate that accurately classifying the morphology of these galaxies at z ∼ 2 requires H-band imaging.

Figure 4. Fraction of AGN hosts (red triangles) and control galaxies (blue squares) at 1.5 < z < 2.5 assigned to various morphological and disturbance classes. The
Pure Disk class includes only disks without a central bulge. The Pure Disk class is a subsample of the All Disks class, which includes disks with and without a central
bulge. Similarly, the Pure Spheroid class includes only spheroids with no discernible disk component. The All Spheroids class includes both Pure Spheroids and disk
galaxies with a central bulge. The Disturbed I class is limited to heavily disturbed galaxies in a clear merger or interaction. The Disturbed II class includes galaxies in
the Disturbed I class, as well as those showing even minor asymmetries in their morphologies. See the text for details.
(A color version of this figure is available in the online journal.)

Table 1
Visual Classification Results

Classification AGN Control AGN AGN
Hosts Galaxies LX < 1043 erg s−1 LX > 1043 erg s−1

Pure disk 16.7+5.3
−3.5% 30.1+3.3

−2.9% 21.0+8.0
−5.1% 12.5+8.2

−3.7%

All disks 51.4+5.8
−5.9% 69.0+2.9

−3.3% 68.4+6.5
−8.3% 34.4+9.1

−7.3%

Pure spheroid 27.8+5.8
−4.6% 16.9+2.8

−2.2% 18.4+7.9
−4.7% 40.6+9.0

−7.9%

All spheroids 62.5+5.3
−6.0% 55.7+3.3

−3.4% 65.8+6.7
−8.3% 62.5+7.5

−9.1%

Irregular 16.7+5.3
−3.5% 18.2+2.9

−2.3% 21.0+8.0
−5.1% 06.3+7.3

−2.1%

Point-like 09.7+4.7
−2.5% 05.5+2.0

−1.2% 02.6+5.6
−0.8% 18.8+8.7

−5.0%

Disturbed I 16.7+5.3
−3.5% 15.5+2.8

−2.2% 15.8+7.7
−4.2% 18.8+8.7

−5.0%

Disturbed II 44.4+5.9
−5.6% 48.4+3.4

−3.4% 36.8+8.3
−7.0% 53.1+8.4

−8.8%

Companion 19.4+5.5
−3.8% 19.6+3.0

−2.4% 18.4+7.9
−4.7% 21.9+8.9

−5.6%

Undisturbed 55.6+5.6
−5.9% 52.1+3.3

−3.4% 63.2+7.0
−8.3% 46.9+8.7

−8.4%

Notes. The Pure Disk and Pure Spheroid classes are included in the All Disks and All Spheroids classes, respectively. Likewise,
the Disturbed I class is a subset of the Disturbed II class.
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Fig. 8.— Molecular gas as traced by the 1-0 S(1) line in NGC5643, showing the same region as in Fig. 2. Top row: observed flux
distribution, and the residual flux after subtracting elliptical isophotes centered on the nucleus; the right panel shows the V-H dust
structure map reproduced from Martini et al. (2003). Bottom row: observed velocity field, disk model, and the difference between them
showing the strong velocity residuals in the central few arcsec. The rightmost panel is a map of the velocity dispersion. Magenta lines
denote the extent of the eastern outflow as measured from the 1-0 S(1) dispersion and residual velocity maps; these also trace the outline
of the low extinction region in the dust structure map. The orange lines trace the 3 main absorption features in the dust structure map,
although we note that the feature to the southwest may infact be associated with (opposite) outflow rather than inflow. Axis scales are in
arcsec, with a conversion to parsec given; north is up and east is left.

Fig. 9.— Density (left) and line of sight velocity (right) for a hydrodynamical simulation of a disk with a circumnuclear ring (spiral)
generated by a large scale bar, matching model S20 from Maciejewski (2004). The bar was oriented 60◦ from the line of nodes in the disk
plane, and the model has been set at an inclination matching NGC5643 as given in Table 4, but at a PA of -30◦, 10◦ different to that in
Table 3.

Fig. 10.— Ionised gas as traced by the Brγ line in NGC5643, showing the same region as shown previously. Magenta and orange lines
are as for Fig. 8. Axis scales are in arcsec; north is up and east is left.

oriented roughly north-south and seen close to edge-on,
with the northern side tilted slightly towards us. The
edges of the bicone are brighter because the column of hot
gas along those lines of sight is greater; and the disper-
sion is higher in the same locations because of the range
of velocities the gas is tracing. For NGC6300 we con-
clude that there is a circumnuclear molecular disk; but
we cannot say if there is inflow because the non-circular
velocities are dominated by signatures of outflow.
In contrast to the other AGN with outflows in our sam-

ple, there does not appear to be any extreme reduction
in the dust content in the outflow. Nevertheless, the V-H
dust structure map does show that the northern side is
associated with some reduction in obscuration, suggest-
ing that the outflow is in front of the galaxy, consistent
with its blueshifted residual velocity.
Our interpretation is consistent with the classification

of the [O III] emission by Fischer et al. (2013) as com-
pact, because their slit was oriented at PA=90◦, roughly
perpendicular to the projected axis of the outflow. We

Davies+ 2014 
--> inflows and outflows on smaller scales
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Figure 2. Spectral fits to the OH 119 µm profiles in the 43 objects of our sample. In each panel, the solid black line represents the data and the solid purple line is
the best multi-component Gaussian fit to these data. The blue dash line represents the absorption component(s) used in this fit while the red dash line represents the
emission component(s). The origin of the velocity scale corresponds to OH 119.233 µm at the systemic velocity. The two vertical dashed and dotted lines mark the
positions of the 16OH and 18OH doublets, respectively. The vertical dot-dash line marks the position of CH+ 119.848 µm.
(A color version of this figure is available in the online journal.)

and PG 1613+658; PG 1351+640 is the only QSO that is not part
of the Spitzer sample of Schweitzer et al. 2008; these objects are
not plotted in Figure 5, but would reinforce the trend between
FIR OH and MIR silicate).

Figures 4 and 5 paint a consistent picture where both the
OH 119 µm and 9.7 µm silicate features change character from
absorption to emission as the merger progresses and the AGN
becomes dominant.

4.3. Distributions of Velocities and Wind Detection Rates

Figure 6 shows the distributions of velocities derived from
both the OH absorption and emission line features (v50(abs),
v84(abs), v50(emi), v84(emi), and vmax(abs), as defined in
Section 3.3 and listed in Table 2). The velocity distributions
of the absorption features show a distinct excess at negative
values while the opposite is true of the emission features. As

7
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--> outflows on large scales
The Astrophysical Journal, 780:86 (15pp), 2014 January 1 Esquej et al.

Figure 6. Comparison between the SFR on different scales, where
SFRcircumnuclear implies typical physical scales of ∼0.6 kpc and SFRnuclear is
for ∼65 pc scales. Nondetections are plotted at a 2σ level. Symbols as in
Figure 4. The dashed line shows the median value for the nuclear/circumnuclear
SFR ratio for the detections of the nuclear PAH feature (see text and Table 3).
The dotted line indicates a nuclear/circumnuclear ratio of one.
(A color version of this figure is available in the online journal.)

414 and 329 M⊙ yr−1 kpc−2, respectively. We notice that for
those galaxies in common with Davies et al. (2007; Circinus,
NGC 1068, NGC 3783, NGC 7469, and NGC 3227), we find
quite discrepant values for the SFR density, with our values
lying below those in Davies et al. (2007) except for NGC 1068.
It might be due to the use of different SF histories and SFR
indicators. We note that with the 11.3 µm PAH feature we cannot
explore age effects (see Dı́az-Santos et al. 2008; Figure 8) as
this feature can be excited by both O and B stars, and thus it
integrates over ages of up to a few tens of millions of years
(Peeters et al. 2004), unlike the measurements in Davies et al.
(2007) that sample younger populations. In addition, we detect
neither nuclear nor circumnuclear SF in NGC 3783 based on the
PAH measurements. On the other hand, PAHs can also be found
in the ISM as being excited in less-UV rich environments, such
as reflection nebulae (e.g., Li & Draine 2002). However, the
decreased strength of the IR emission features in these objects
seems to indicate the low efficiency of softer near-UV or optical
photons in exciting PAHs in comparison to SF (Tielens 2008).

The circumnuclear SFRs of the Seyferts in our sample are
between 0.2 and 18.4 M⊙ yr−1 (see also Diamond-Stanic &
Rieke 2012), and the median circumnuclear SFR densities are
1.2 M⊙ yr−1 kpc−2. These are similar to those of Seyfert galaxies
in the CfA (Huchra & Burg 1992) and 12 µm (Rush et al. 1993)
samples, as derived using the 3.3 µm PAH feature (see Imanishi
2003; Imanishi & Wada 2004).

The comparison between the nuclear and circumnuclear SFRs
for our sample clearly shows that, in absolute terms, the nuclear
SFRs are much lower (see Table 3). This is in good agreement
with previous works based on smaller samples of local AGN
(e.g., Siebenmorgen et al. 2004; Watabe et al. 2008; Hönig
et al. 2010; González-Martı́n et al. 2013). The median value of
the ratio between the nuclear and circumnuclear SFRs for the
detections of the 11.3 µm feature is ∼0.18 (see also Table 3),
with no significant difference for type 1 and type 2 Seyferts
(∼0.18 and ∼0.21, respectively).

In Figure 6, we plot the nuclear and circumnuclear SFRs
probing typical physical scales of ∼65 pc and ∼600 pc,
respectively. Again, nondetections are plotted as upper limits

Figure 7. Observed nuclear SFR vs. ṀBH relation. Predictions from Hopkins
& Quataert (2010) are shown as dashed lines. We show the ṀBH ≈ 0.1 × SFR
relation, which is expected for r < 100 pc, and the 1:1 relation which, is expected
for the smallest physical scales (r < 10 pc). The solid line represents the fit to
our detections of the nuclear 11.3 µm PAH feature (see text for details).
(A color version of this figure is available in the online journal.)

at the 2σ level. Overall, for our detections, the fraction of the
SFR accounted for by the central ∼65 pc region of our Seyferts
ranges between ∼5%–35% of that enclosed within the aperture
corresponding to the circumnuclear data.

While the nuclear SFRs are lower than the circumnuclear
SFRs, the median nuclear projected SFR densities are approx-
imately a factor of 20 higher than the circumnuclear ones in
our sample (median values of 22 and 1 M⊙ yr−1 kpc−2, respec-
tively). This shows that the SF is not uniformly distributed, but
it is concentrated in the nuclear regions of the RSA Seyferts
studied here. This is in agreement with simulations of Hopkins
et al. (2012). The molecular gas needed to maintain these nu-
clear SFR densities appears to have higher densities in Seyfert
galaxies than those of quiescent (non-Seyferts) galaxies (Hicks
et al. 2013).

4.3. Nuclear Star Formation Rate Versus
Black Hole Accretion Rate

Hopkins & Quataert (2010) performed smoothed particle hy-
drodynamic simulations to study the inflow of gas from galactic
scales (∼10 kpc) down to !0.1 pc, where key ingredients are
gas, stars, BHs, self-gravity, SF, and stellar feedback. These nu-
merical simulations indicate a relation (with significant scatter)
between the SFR and ṀBH that holds for all scales, and it is
more tightly coupled for the smaller physical scales. The model
of Kawakatu & Wada (2008) predicts that the AGN luminosity
should also be tightly correlated with the luminosity of the nu-
clear (100 pc) SF in Seyferts and QSOs, and also that Lnuclear,SB/
LAGN is larger for more luminous AGN.

According to Alexander & Hickox (2012, and references
therein), ṀBH and AGN luminosities follow the relation

ṀBH(M⊙ yr−1) = 0.15(0.1/ϵ)(Lagn/1045 erg s−1), (3)

where we used ϵ = 0.1 as the typical value for the mass-energy
conversion efficiency in the local universe (Marconi et al. 2004).
We obtained ṀBH ranging between 5 × 10−6 and 0.5 M⊙ yr−1

for our sample of Seyfert galaxies. Uncertainties in the ṀBH
estimations are dominated by those in Lagn, i.e., 0.4 dex as
mentioned in Section 2.1.
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New Redshift Surveys: Prime Focus Spectrograph
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FIG. 1.— A brief overview of PFS instruments, which consist of componentsWide Field Corrector, Field Rotator, Prime Focus Unit, and Fiber Positioner.
A Fiber Connector relays light to four identical fixed-format 3-arm twin-dichroic all-Schmidt Spectrographs providing continuous wavelength coverage from
380nm to 1.3µm.

et al. 2011), it offers a standard ruler by which we can in-
fer the angular diameter distance and the Hubble expansion
rate from the observed correlation function of the galaxy dis-
tribution. The BAO scale is in the linear or weakly-nonlinear
density regime and thus provides a robust geometrical test.
Furthermore, if uncertainties arising from galaxy bias can be
removed or accurately modeled, we can use the amplitude and
shape information of the galaxy correlation function in order
to constrain cosmological parameters as well as the growth
rate of structure formation.
Recognizing this, the main scientific questions we seek to

address with the PFS cosmology survey are:
1. Is the cosmic acceleration caused by dark energy or
does it represent a failure of Einstein’s theory of gravity
on cosmological length scales?

2. What is the physics of the early universe that generates
the primordial fluctuations as the seed of large-scale
structures?

To address these fundamental questions, the main goals for
the PFS cosmology survey are to:

• Constrain the angular diameter distance and the Hubble
expansion rate via the BAO experiment to the precision
comparable with, or better than, existing, ongoing or
planned BAO surveys.

• Derive the BAO constraints in a redshift range that
is complementary to those probed by the existing or

planned BAO surveys on the time scale of the PFS sur-
vey.

• Utilize the unique capabilities of the 8.2m Subaru Tele-
scope and the PFS spectrograph for maximizing cos-
mological science.

• Use the shape and amplitude of galaxy correlation func-
tion in order to constrain cosmological parameters as
well as the growth rate of structure formation.

• Combine the weak lensing information, delivered from
the HSC survey, with the PFS cosmology survey in or-
der to improve the cosmological constraints by calibrat-
ing systematic uncertainties that cannot be resolved by
either of the PFS and HSC surveys alone.

2.2. PFS Cosmology Survey
Here we describe the parameters of the PFS cosmology sur-

vey that are required to meet the above scientific goals.
Firstly, we will consider which type of galaxy to target with

PFS. Given the optical and near infrared wavelength coverage
of PFS, [O II] emission-line galaxies (ELG; [O II] =3727Å)
are particularly useful tracers allowing an efficient survey out
to high redshift beyond z = 1, a redshift range that is diffi-
cult to probe with 4m-class telescopes. Luminous red galaxies
(LRGs) are a further potentially-useful tracer of large-scale
structure as studied by the SDSS survey, but at z >∼ 1.4 they
reveal weaker spectral features and are less abundant per unit

2400 fibers at prime focus, 1.3 deg2 FOV

4 spectrographs; 600 1.13” fibers each

3 channels: 

3800-6500A, R~2000

6500-10000A, R~3500

10000-12600,  R~4500 (high resolution needed to work between 
night sky lines)

The Spectrographs
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history is constrained to within ∼30–50% up to z ∼ 1 and within a factor of ∼3 at higher redshifts.
Additionally, recent results from Reddy et al. (2008) suggest that ∼70–80% of the SFR density
at z ∼ 2–3 is produced by galaxies with bolometric luminosities Lbol ≤ 1012 L⊙ and that the
highly obscured ULIRGs selected by submillimeter surveys (e.g., Chapman et al. 2005), although
individually luminous, do not dominate the SFR density.
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Although a crucial epoch for galaxy formation, 
still only a couple thousand spectra in this redshift 
range *total*, and these of a biased, star-forming population

Observed UV

Dust-corrected

Survey: ~10 deg2 to JAB~23.5 mag 
~few x 1010 M*, z~1.5
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J-band selected sample to ~23.5 AB mag 
mass ~ few x 1010 M⦿, 

~30,000 gals/deg2 over 10 deg2

Color-selected QSOs to z~7
And bright drop-outs and LAEs to z~756 CHAPTER 4. GALAXY SURVEY

Figure 4.2: Left: Depth versus redshift for existing and planned large redshift surveys. The symbol size
represents survey area. Each survey is placed roughly at the median redshift of the survey. PFS occupies a
unique position in this parameter space, as it is the only large survey capable of filling in the redshift regime
between 1.5 < z < 2. Right: This figure shows the number of spectroscopic pairs separated by less than
one arcminute. It highlights the power of PFS to (i) study small-scale clustering on the group scale and (ii)
probe the gas distribution in galaxy halos using absorption lines probes. Fiber-based spectroscopic surveys
doing only one pass over the sky suffer from the fiber collision limitation and cannot access small-scale
pairs.

stellar mass function and star formation history of galaxies as a function of color and galaxy
density at 1 < z < 2.

2. The Growth of Structure: We will measure the spatial correlation functions of galaxies
on both small and large scales (i.e., one and two halo terms; Fig. 4.2 right). Spectroscopic
redshifts give significantly better clustering measurements than photometric redshifts. On
large scales, we will measure the galaxy bias as a function of galaxy properties and redshift,
which is a key constraint on galaxy formation models. On smaller scales, we can study the
properties of galaxies in cluster and group environments, and see how galaxy formation is
related to environment and dark matter halo mass. We will tie the evolution in stellar mass to
that of the underlying dark halos from 1 < z < 7. We will also study the cluster/proto-cluster
population as a function of redshift. Over the survey volume, we expect to find ⇥65 massive
clusters (M > 1014 M�) at 1 < z < 2 (Figure 4.1), an unprecedented sample when compared
to the very few found in current deep pencil-beam surveys. At 2 . z . 6 we expect to find
⇥ 100 proto-clusters using LBGs and LAEs as tracers.

3. Gas Inflow and Outflow: We will trace the interplay between gas accretion and feedback
using both direct and indirect means. We will trace the mass-metallicity relation using
strong emission-line diagnostics for z < 1.6 and with UV interstellar absorption lines at
z > 2 by stacking spectra (Ando et al. 2007). We will search for outflow or inflow using
interstellar absorption lines such as Mg II, S IV, C IV, etc in stacked spectra. We will
also stack background galaxy and quasar spectra as a function of impact parameter around
foreground galaxies to map out the gas kinematics in the outer halos of star forming galaxies
(e.g., Steidel et al. 2010; Tumlinson et al. 2011; Bordoloi et al. 2011). With this technique
we will search for the signature of cold-gas inflow and test the cold accretion hypothesis
with a sample ⇥20 times larger than the one of Steidel et al.



Science goals hinge on accurate sky subtraction

• Generate artificial spectra as observed by PFS (Hirata simulator, used by 
cosmology as well)   

• We want more than just a redshift, so we want to detect *continuum* as well 
as line emission (e.g., to measure stellar mass and stellar age).                    
Sky subtraction matters

• We have performed tests of whether our                                                               
program will fail under certain pessimistic                                                                         
scenarios

Star-formation rates
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Figure 4.5: Simulated spectra as observed in three-hour integrations (see text) demonstrating the power of
PFS. The spectra are plotted in units of “nanomaggies”, a unit of flux used by the SDSS, defined such that
one maggie is the flux from an AB= 0 object, 3631 Janskys. Thus 1 nanomaggie is equivalent to an apparent
AB magnitude of 22.5, 3631⇥10�9 Jy or 3.631⇥10�29 erg s�1 cm�2 Hz�1. The grey lines show the observed
spectra, while the red and blue overplotted spectra are binned to a resolution of R = 400, 300, 300 in the
blue, red, and NIR arms respectively. The green line indicates the position of the [O II] doublet, the blue
lines indicate the higher-order Balmer lines, the gold lines show the Ca H+K lines, and the orange lines
indicate the G-band and Fe4383. The spectral templates are partly based on stellar population synthesis
models of NEWFIRM Medium Band Survey galaxy photometry, which provides some constraint on the
emission line equivalent widths. In the 4000 Å break region, we splice in a higher-resolution composite
spectrum from the DEEP2 survey (2). We show total integration times of three hours. From top to bottom,
we show the blue and red galaxy pair with JAB = 23.5 mag at z = 1.89 and the same pair with JAB = 22.5
mag at z = 1.75. In this case, we will have very rich spectral diagnostics to determine the physical properties
of the galaxies.

the [O II] line is of particular importance, we splice in spectra with considerably higher spectral
resolution between 3700-4500Å. We splice a stack of DEEP2 galaxies from (2) into the red galaxy
template. For the blue galaxy splice, we use a model star-forming galaxy with emission-line EWs
based on (Kriek et al. 2011). These are shown in Figure 4.5 at our detection limit of J = 23.4 mag
at z ⇤ 2, observed in a 3hr integration with PFS.

The LBG template is based on the spectral energy distribution from (Reddy et al. 2012). We
add emission lines to match the EWs in (Shapley et al. 2003); the objects shown in Figure 4.6 in
the bottom panel are representative of objects with high Ly � EW in their sample. From these
simulations it is clear that we will be able to detect both Ly � down to our detection limits and
interstellar absorption features in our brighter targets. Finally the QSO spectra are generated from
the composite spectrum from (Van den Berk et al. 2001).

Blue galaxy

Red galaxy

Stellar ages

SF history, chemistry
velocity dispersion

(Note: Spectra are inverse-variance weighted
and smoothed to R~300)
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Section 2: Science 22 

the typical distortion of source galaxy shapes is only 
about 1%. Measuring the lensing signal with high preci-
sion, in the face of intrinsic ellipticity variations that are 
~ 0.4 rms, requires enormous galaxy samples and ex-
quisite control of systematic errors. Space-based 
measurements offer potentially enormous advantages 
for weak lensing because of high angular resolution and 
stability of the observing platform, allowing accurate 
characterization of the instrumental point-spread func-
tion (PSF). The WFIRST-2.4 HLS has been designed 
with control of systematics as a paramount considera-
tion. The large aperture of WFIRST-2.4 yields a high 
surface density of lensed source galaxies, ~ 65 arcmin-2 
in the HLS (see Table 2-1) and potentially 200-300 
arcmin-2 in longer, targeted observations, much higher 
than any other ground-based or space-based facilities 
equipped for large area surveys. The expected source 
densities for LSST and Euclid (and WFIRST-2.4) de-
pend on assumptions about which galaxies can be 
used for shape measurements; for the same criteria 
adopted here (S/N > 18, rgal/rPSF > 0.8, σe < 0.2 per 
component) we find neff = 15 arcmin-2 and 35 arcmin-2 
for LSST and Euclid, respectively.11 

The abundance of rich galaxy clusters as a func-
tion of mass and redshift offers an alternative route to 
measuring the growth of structure. The key uncertainty 
in this approach is accurate calibration of the cluster 
mass scale --- the average virial mass of clusters at 
redshift z as a function of a mass-correlated observable 
such as galaxy richness or X-ray luminosity --- which 
must be known to sub-percent accuracy to exploit the 
statistical potential of cluster surveys. The HLS imaging 
survey is an ideal tool for carrying out this calibration 
through measurements of the average weak lensing 
profiles of large cluster samples. The clusters them-
selves can be identified in WFIRST-2.4 imaging, to-

gether with optical imaging from LSST, or from X-ray 
surveys (the eROSITA mission in particular) or radio 
surveys that utilize the Sunyaev-Zel’dovich (SZ) effect. 

In addition to statistical measurements, the HLS 
imaging survey can produce maps of the projected or 3-
dimensional dark matter distribution. The dark matter 
maps from the 2 deg2 COSMOS survey12 have been 
among the most popular cosmological results from 
HST, yielding tests of theoretical models, an accessible 
illustration for public outreach, and even inspiration for 
art works. Figure 2-3 illustrates the high fidelity of mass 
maps that can be made with the high source density 
reached by WFIRST-2.4. 

 Over the same 2000 deg2 area as the HLS imag-
ing survey, the WFIRST-2.4 DRM incorporates a grism 

23.0

23.5

24.0

24.5

25.0

25.5

26.0

26.5

27.0

27.5

28.0
0.4 0.6 0.8 1.0 1.2 1.6 2.0

5�
 p
t 
sr
c 
th
re
sh
ol
d 
(A
B 
ma
g)

� (!m)

Sensitivities of LSST, WFIRST, and Euclid

Labels indicate PSF
half light radius in
units of 0.01 arcsec

u
39

g
39 r

39

i
39

z
39

y
39

F106
12 F129

12
F158
14

F184
14

VIS
13

Y
30

J
30

H
31

LSST (10 yr, S Hemisphere, AM 1.2)
WFIRST (1.6k deg2/yr, ref zodi)

Euclid (15-20k deg2, �=45o)

Figure 2-2: Depth in AB magnitudes of the WFIRST-2.4 high-
latitude survey (red), Euclid (green), and LSST (blue) imag-
ing surveys. Labels below each bar indicate the size of the 
PSF (specifically, the EE50 radius) in units of 0.01 arcsec. 
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 Band (µm) Exp 
Time 
(sec) 

Time Required 
(Days/1000 deg2) 

Point 
Source 
Depth 

Extended 
Source 
Depth 

PSF 
EE50 

(arcsec) 

 Weak Lensing neff 
(galaxies/arcmin2) 

Y 0.927-1.192 5 x 184 50 26.8 25.6 0.12 n/a 
J 1.131-1.454 6 x 184 59 26.9 25.7 0.12 54 
H 1.380-1.774 5 x 184 50 26.8 25.7 0.14 61 

F184 1.683-2.000 5 x 184 50 26.2 25.2 0.14 44 
Grism 1.350-1.950 6 x 362 118 4.6x10-17 1.0x10-16 0.18 n/a 
Table 2-1: Characteristics of the HLS. The dither strategy (Appendix C.2) has eight passes at each location in the 
2000 deg2 survey area (nine in J). Here we list exposure numbers and depths (5σ for point sources and exponential 
sources with reff = 0.3 arcsec) at !90% fill factor, accounting for chip gaps and cosmic rays. The “union” lens sample 
with a good shape measurement in at least one band has neff = 68 arcmin-2, while summing J and H bands yields a 
deeper catalog with neff ~ 75 arcmin-2.  

IFU: 3x3” FoV
0.6-2 micron

R~100
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the typical distortion of source galaxy shapes is only 
about 1%. Measuring the lensing signal with high preci-
sion, in the face of intrinsic ellipticity variations that are 
~ 0.4 rms, requires enormous galaxy samples and ex-
quisite control of systematic errors. Space-based 
measurements offer potentially enormous advantages 
for weak lensing because of high angular resolution and 
stability of the observing platform, allowing accurate 
characterization of the instrumental point-spread func-
tion (PSF). The WFIRST-2.4 HLS has been designed 
with control of systematics as a paramount considera-
tion. The large aperture of WFIRST-2.4 yields a high 
surface density of lensed source galaxies, ~ 65 arcmin-2 
in the HLS (see Table 2-1) and potentially 200-300 
arcmin-2 in longer, targeted observations, much higher 
than any other ground-based or space-based facilities 
equipped for large area surveys. The expected source 
densities for LSST and Euclid (and WFIRST-2.4) de-
pend on assumptions about which galaxies can be 
used for shape measurements; for the same criteria 
adopted here (S/N > 18, rgal/rPSF > 0.8, σe < 0.2 per 
component) we find neff = 15 arcmin-2 and 35 arcmin-2 
for LSST and Euclid, respectively.11 

The abundance of rich galaxy clusters as a func-
tion of mass and redshift offers an alternative route to 
measuring the growth of structure. The key uncertainty 
in this approach is accurate calibration of the cluster 
mass scale --- the average virial mass of clusters at 
redshift z as a function of a mass-correlated observable 
such as galaxy richness or X-ray luminosity --- which 
must be known to sub-percent accuracy to exploit the 
statistical potential of cluster surveys. The HLS imaging 
survey is an ideal tool for carrying out this calibration 
through measurements of the average weak lensing 
profiles of large cluster samples. The clusters them-
selves can be identified in WFIRST-2.4 imaging, to-

gether with optical imaging from LSST, or from X-ray 
surveys (the eROSITA mission in particular) or radio 
surveys that utilize the Sunyaev-Zel’dovich (SZ) effect. 

In addition to statistical measurements, the HLS 
imaging survey can produce maps of the projected or 3-
dimensional dark matter distribution. The dark matter 
maps from the 2 deg2 COSMOS survey12 have been 
among the most popular cosmological results from 
HST, yielding tests of theoretical models, an accessible 
illustration for public outreach, and even inspiration for 
art works. Figure 2-3 illustrates the high fidelity of mass 
maps that can be made with the high source density 
reached by WFIRST-2.4. 

 Over the same 2000 deg2 area as the HLS imag-
ing survey, the WFIRST-2.4 DRM incorporates a grism 
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Figure 2-2: Depth in AB magnitudes of the WFIRST-2.4 high-
latitude survey (red), Euclid (green), and LSST (blue) imag-
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PSF (specifically, the EE50 radius) in units of 0.01 arcsec. 
The near-IR depth of the WFIRST-2.4 is well matched to the 
optical depth of LSST (10-year co-add). 

 Band (µm) Exp 
Time 
(sec) 

Time Required 
(Days/1000 deg2) 

Point 
Source 
Depth 

Extended 
Source 
Depth 

PSF 
EE50 

(arcsec) 

 Weak Lensing neff 
(galaxies/arcmin2) 

Y 0.927-1.192 5 x 184 50 26.8 25.6 0.12 n/a 
J 1.131-1.454 6 x 184 59 26.9 25.7 0.12 54 
H 1.380-1.774 5 x 184 50 26.8 25.7 0.14 61 

F184 1.683-2.000 5 x 184 50 26.2 25.2 0.14 44 
Grism 1.350-1.950 6 x 362 118 4.6x10-17 1.0x10-16 0.18 n/a 
Table 2-1: Characteristics of the HLS. The dither strategy (Appendix C.2) has eight passes at each location in the 
2000 deg2 survey area (nine in J). Here we list exposure numbers and depths (5σ for point sources and exponential 
sources with reff = 0.3 arcsec) at !90% fill factor, accounting for chip gaps and cosmic rays. The “union” lens sample 
with a good shape measurement in at least one band has neff = 68 arcmin-2, while summing J and H bands yields a 
deeper catalog with neff ~ 75 arcmin-2.  



Jets and SFRs: Radio Continuum

VLA Sky Survey: 
A+B config, S-band
Not Yet Determined

All-Sky : 100 microJy, 1800 hrs (all 1 sigma)

WIDE : 10,000 deg2, 50 microJy, 3000 hrs

DEEP : 10 deg2, 1.5 microJy, 3000 hrs
~50 solar mass/yr at z~1.5

LIRGs to z~0.15, QSOs to z > 5





Lbol/SFR: X-ray and Far-IR 

FIR?



SFRs, Morphologies: JWST

Imaging: 2x4’ FOV 0.6 - 28 micron

Spectroscopy: 0.6 - 30 micron
some IFU, some multi-object



Gas Content and Outflow: ALMA
The Astrophysical Journal, 735:88 (12pp), 2011 July 10 Alatalo et al.

1600 1800 2000 2200 2400 2600 2800
Velocity (km s-1)

0.0

0.2

0.4

0.6

0.8

1.0

T m
b 

(K
)

CO(2-1)

3h16m01.2s 01.0s 00.8s 00.6s 00.4s

Right Ascension (J2000)

-46″

-44″

-42″

-40″

-38″

-36″

-2°25′34″

D
ec

lin
at

io
n 

(J
20

00
)

CARMA
0.5"×0.4"

SMA
2.3"×2.0"

Figure 9. Top: CO(2–1) spectrum from the IRAM 30 m telescope, indicating
the velocity ranges used. Bottom: CO core and wings in NGC 1266, overlaid
on a gray scale Hα narrowband image from SINGS. Superimposed contours
are from the CARMA CO(1–0) integrated intensity map (yellow) and the
SMA CO(2–1) redshifted (red) and blueshifted (blue) wings. Contours are
3, 4, 5, and 6 Jy beam−1 km s−1 for the red and blue components (rms =
1 Jy beam−1 km s−1) and 6.4, 8.6, 10.8, 13.0, 15.2, and 17.4 Jy beam−1 km s−1

for the yellow component (rms = 1.1 Jy beam−1 km s−1).
(A color version of this figure is available in the online journal.)

not aligned with the kinematic major axis of the nuclear gas
disk. This suggests that the broad wing emission is composed
of gas that is being expelled and is not an extension of the
nuclear material. If we estimate the inclination of the outflow
(with respect to the plane of the sky) using the average offset
of the centroids with respect to the nucleus (2.′′3) divided by the
average extent of the lobes (3.′′2) calculated above, we obtain an
inclination angle of roughly 20◦.

The mass of outflowing gas is somewhat uncertain because
the wings are unambiguously detected only in 12CO (Figure 1),
requiring that the density, optical depth, and temperature of the
outflow be determined from the excitation of the three lowest CO
rotational transitions. We use the beam-corrected (normalized
to the single-dish CO(1–0) beam of 21.′′6) intensities of the
wing emission from the CO(1–0) and (2–1) IRAM 30 m single-
dish spectra and the CO(3–2) SMA spectrum (see Table 1).

The beam-corrected values are 11.93 K km s−1 for CO(1–0),
9.16 K km s−1 for CO(2–1), and 7.16 K km s−1 for CO(3–2).

We use the RADEX large velocity gradient software (van der
Tak et al. 2007) to determine volume densities and column
densities in the wind. With RADEX, assuming a line width
vfwhm = 353 km s−1, we find that the conditions required to
reproduce the beam-corrected flux ratios above are an H2 density
n(H2) ≈ 103 cm−3, a kinetic temperature Tkin ≈ 100 K, and a
CO column density N (CO) ≈ 1.0×1016 cm−2. The N(CO) was
also constrained using on the optically thin estimate of Knapp &
Jura (1976) assuming subthermally excited CO, and the result is
consistent with that from RADEX. Assuming a CO/H2 abundance
ratio of 10−4, the derived N(CO) and our adopted beam size of
21.′′6 imply a molecular outflow mass of 2.4×107 M⊙, including
He. It is however possible that the outflowing molecular mass
is higher. The optically thin approximation (i.e., that we are
seeing all CO molecules) provides us with a lower limit to the
total outflowing molecular mass. If the state of the molecular
gas in the outflow of NGC 1266 is more akin to gas in either
ultra-luminous infrared galaxies (ULIRGs) or giant molecular
clouds (GMCs) in the Milky Way, where a conversion factor
(XCO) is used, the total outflowing mass could be a factor of
≈10–20 higher.

3.5. Additional Data

While no H i emission is detected in NGC 1266, H i appears
in absorption against the 1.4 GHz continuum source. The H i
observations have thus far only been taken at low resolution,
so are presently unresolved. The top panel of Figure 10 shows
the H i absorption profile, which exhibits a broad blueshifted
velocity component, and the fitted Gaussians describing the
absorption profile. The bottom panel of Figure 10 shows a good
correspondence between the blueshifted absorption feature in
the H i and the high-velocity wing of the CO(2–1) emission line
profile. This identifies the blueshifted molecular gas as moving
out (as opposed to infalling from behind) and implies that the
outflow in NGC 1266 has multiple phases.

Calculating the column density from the absorption feature,
assuming Tspin = 100 K, reveals that the H i column in front
of the continuum source is NH = 2.1 × 1021 cm−2, with the
outflowing component contributing 8.9 × 1020 cm−2 and the
systemic component contributing 1.2×1021 cm−2. If we assume
that the H i and CO are cospatial (RHI = Routflow = 460 pc) and
that the total mass of outflowing H i is twice what we calculate
(since we are only able to detect the blueshifted lobe), we derive
the total H i mass in the outflow to be 4.8 × 106 M⊙ per lobe,
totaling 9.5 × 106 M⊙. If we include the H i contribution, the
total neutral gas mass (H i + H2 + He) of the outflow is thus
3.3 × 107 M⊙.

The molecular gas (as traced by CO) and atomic gas are
likely not the only constituents of the mass in the outflow. By
not accounting for other states of the gas, we are underestimating
the true outflow mass. For example, Roussel et al. (2007)
detect a large reservoir of warm H2 in NGC 1266 using
Spitzer, with a total mass of MH2,warm ≈ 1.3 × 107 M⊙. It is
very likely that this mass of warm H2 belongs to the outflow
rather than the nuclear disk. The total warm H2 luminosity is
LH2,warm ≈ 1×1041 erg s−1. For the nuclear region to sustain this
luminosity of warm H2, the active galactic nucleus (AGN) would
be required to have a bolometric luminosity of !2×1044 erg s−1,
assuming first that LX,AGN ! 100LH2,warm, Ogle et al. 2010; and
Lbol,AGN ! 16 LX, Ho 2008), a factor of three larger than LFIR
(7 × 1043 erg s−1; Gil de Paz et al. 2007). If this warm H2 is

7

Alatalo et al. 2011F. Combes et al.: CO in NGC 1433

Fig. 6. Top: rotational velocity model adopted for NGC 1433, based on
the Hα kinematics (red filled squares) from Buta et al. (2001), compat-
ible with the CO rotation curve (green filled hexagons). The CO veloc-
ity field is, however, sparsely sampled. Bottom: velocity residuals after
subtraction of a regular rotation model, based on the Hα rotation curve
above. The map has been recentred on the new adopted centre given in
Table 1. The two orthogonal lines indicate the position of the PV dia-
grams in Fig. 7.

Hα rotation curve, plotted above. The figure shows the ionized
gas rotation curve deduced by Buta et al. (2001). The derived
CO velocities, although in sparse regions, are compatible with
this adopted rotation curve. The stellar velocity, once corrected
for a large asymmetric drift, appears higher (Buta et al. 2001).
The gas then does not follow the maximum circular velocity.
This might be due to substantial gas turbulence, and/or to an
overestimation of the correction of the stellar velocity.

The peculiar velocity of the gas at the nucleus and north-
west of the centre is clearly seen in the residuals of Fig. 6. If
the gas is in the plane, the deprojected velocity could be as high
as 200 km s−1, but other orientations with respect to the sky plane
are possible. We call α the angle between the outflow direc-
tion and the line of sight. The observed velocity in projection
is Voutflowcos (α), and the extent of the flow in the plane of the
sky is Routflowsin (α). It is likely that α is not close to the extreme
values, i.e. zero or 90 degrees, since the observed outflow ve-
locity and the projected size of the outflow are both subtantial,

Fig. 7. Top: position–velocity diagram along the major axis of PA =
199◦ (east is at left). The central outflow is clearly visible superposed
on the smooth rotational velocity gradient (underlined by the yellow
line, corresponding to the rotation curve of Fig. 6). Bottom: position–
velocity diagram, along the minor axis, of PA = 109◦ (east is at left).
The two components (red and blue) of the outflow are visible, along a
slice, where the velocity should be equal to the systemic one (yellow
line).

i.e. ∼100 km s−1 and ∼100 pc, respectively. This means that
tan (α) is of the order of 1. The flow is aligned roughly with
the minor axis, and if it is orthogonal to the plane, tan (α) = 0.6.
We think, however, that the outflow is not orthogonal, since we
are seing the galaxy inclined by 33◦ on the sky, and the near
side is the NW, from the winding sense of the spiral arms, as-
sumed trailing. The outflow cannot be exactly perpendicular to
the disk, unless the blue and red regions are inverted. The flow
must at least be inclined by an angle >33◦ from the normal to
the plane. Conservatively, the outflow velocity probably lies be-
tween 100 km s−1 and 200 km s−1.

This high-velocity gas is also noticeable in the total spec-
trum, obtained by summing the signal over the field of view, as
in Fig. 8. A Gaussian decomposition in three components has
been performed on the spectrum, and the results are displayed in
Table 3. The high-velocity red component represents nearly 5%
of the total. The blue-velocity counterpart is diluted in the nor-
mal rotational component C1 (part of the two-horn profile char-
acteristic of rotation).
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and we start to be able to find…

AGN Feedback in Action - Outflows
SDSS J1356+1026

Greene+12Comerford+prep.
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ALMA: Black Hole Masses

A FOM for molecular gas SMBH mass measurements 7

Figure 6. Minimum SMBH mass detectable (at α=5) as a func-
tion of luminosity distance by CARMA (highest angular resolu-
tion at 230 GHz of 0.′′18), in galaxies with Vgal=100±5 km s−1

and with a channel width of 10 km s−1. Dashed lines (as indicated
in the legend) show the limits reachable for galaxies at different
inclinations. The grey solid points in both plots are the galaxies
on which the M-σ relation is currently based (from the catalogue
of McConnell & Ma 2013), and the grey triangles are the SMBH
mass upper limits from Beifiori et al. (2009).

Figure 7. As Figure 6 but showing the limits reachable by full
ALMA at CO(3-2) (highest angular resolution at 345 GHz of 11
mas). Using higher frequency bands will further reduce the min-
imum detectable SMBH mass. We also show as shaded contours
the distribution of galaxies with measured velocity dispersions
from the SDSS DR7 database (Abazajian et al. 2009), with MBH

estimated from the MBH-σ relation.

the volume accessible with this technique needs to be large
enough to allow us to obtain statistical samples.

In Figure 6 we show the minimum black hole mass de-
tectable using this technique (at α=5) as a function of dis-
tance, in a galaxy with Vgal =100±5 km s−1, using obser-
vations with 10 km s−1channels and a resolution of 0.′′18
(the highest available with the CARMA telescope). Also
shown for reference are the galaxies with known black hole
masses from the catalogue of McConnell & Ma (2013), and

the SMBH mass upper limits from Beifiori et al. (2009).
Approximately 80% of the known objects could have their
SMBH mass remeasured using this technique, and a similar
fraction of the upper limits could be tested assuming all these
objects had suitable molecular gas distributions. In reality
galaxies with black hole masses estimated through stellar
dynamics have usually been selected to ensure they do not
have cold gas and dust, but this example simply shows the
range of possible measurements with respect to the current
state of the field.

Figure 7 shows the same as Figure 6, but this time as-
suming the capabilities of full ALMA (a resolution of 0.′′011
at 345 GHz). When observing with ALMA essentially all
the galaxies with known black-holes could in principle be
re-observed. In addition we overplot in grey the distribution
of all galaxies with central velocity dispersions listed in the
Sloan Digital Sky Survey (SDSS) Data Release 7 catalogue
(Abazajian et al. 2009), estimating their black hole masses
with the best fitting MBH-σ relation for all galaxy types
from McConnell & Ma (2013). Using ALMA, over 3.5×105

of these objects (≈45% of the total) could in principle have
their black-hole masses measured with α > 5. If higher ob-
serving frequencies and/or smaller channel sizes (combined
with more accurate mass models) are used then this number
would increase still further. Even if only a small percentage of
accessible galaxies have suitable molecular gas distributions,
this technique has the potential to substantially increase the
number of measured SMBH masses. We also highlight that
(because of the behaviour of the angular diameter distance
with redshift) with sufficiency sensitivity one could in prin-
ciple measure the mass of a >∼ 4×108 M⊙ black hole (with
an inclination >30◦) at any redshift.

The above sections have shown that the molecular gas
technique has great promise, however many challenges re-
main. The first of these hurdles is efficient target selection.
In order to identify good targets one needs to determine that
they have i) sufficient surface brightness in molecular gas to
enable high resolution mapping ii) that the gas extends in-
wards near enough to the SMBH to make a measurement
feasible iii) that the gas is kinematically relaxed and dy-
namically cold and iv) that it is possible to make a mass
model of the luminous matter in the system at the required
resolution.

The first of these criteria means that one must select tar-
gets from existing single dish/low resolution interferometric
surveys in order to estimate the molecular gas surface bright-
ness (or conduct additional observations of likely target ob-
jects selected using other criteria). The second and third
criteria are hard to fulfil. Previous ionised gas surveys have
found that selecting objects with regular, circular dust lanes
that extend all the way to the galaxy centre can increase suc-
cess rates for black hole mass measurements (Ho et al. 2002),
but if this holds in the same way for molecular gas has yet
to be determined. The fourth point limits possible targets to
those in which Hubble Space Telescope (or adaptive optics
assisted infrared) imaging exists. In the future James Webb
Space Telescope or very large ground based telescope data
will be required to enable us to make mass models for objects
further out in the universe.

The final major challenge is dealing with non-circular
motions that may be present in the molecular gas. This prob-
lem is present for all gaseous tracers, and the solutions de-
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Figure 1 | NGC 4526 kinematic models and data. Top: Model PVDs (black contours), overlaid on the observed CO(2-1) PVD (filled orange contours). This PVD
was created from our CO(2-1) observations of NGC 4526 from CARMA. The synthesized beam size achieved in these observations is 0.0027� 0.0017, and the velocity
channel width is 10 km s�1. The final fully reduced and calibrated data cube has an RMS noise of 2.88 mJy beam�1. The PVD was created by rotating the data cube
to align the kinematic major axis of the molecular gas with the x-axis, and then summing over one beam width around the axis in the y direction. The spatial resolution
achieved in the PVD is 0.0025 (20 pc), equal to the predicted SMBH SOI. Our results do not depend on the method used to extract the PVD. From left-to-right, the best
model with no SMBH, the overall best-fit model, and a model with an overweight SMBH. The model MBH and M/LI are indicated in the top-left corner of each
panel, and an inset of the central ±1.0015 is shown in the bottom-right corner. Middle: Black points show the trace extracted from the observed PVD, and associated
standard errors. The grey-line shows the trace extracted from the models (and the grey crosses denote the value of the trace at the same radius as the observed points).
Bottom: Residuals between the model and data at each position (�V=data minus model; km s�1). The error bars shown in the middle and bottom plots correspond to
the formal uncertainties in fitting the trace (see Section 1.2 in the supplementary information), added in quadrature with two factors of 5 km s�1 (to account for the
finite velocity channel width in both the data and model).

error reported when using dynamical stellar and ionised gas techniques
is ⇤0.6 dex10 (however the rather different systematic errors involved
make direct comparison difficult).

The ⇥2 contours show the usual degeneracy between SMBH mass
and mass-to-light ratio found in other studies. To fit the data without a
SMBH, a negative M/L gradient would be necessary, with older stellar
populations dominating in the inner parts (high M/L) and young stars
at large radii (low M/L). While the real M/L is unlikely to be exactly
constant, this is opposite to the trend reported by reddening free stellar
population studies21 and that expected from the presence of molecular
gas and star-formation in the central regions22.

The ability to determine a black-hole mass accurately using
molecular-gas can be affected by many of the same issues that af-
fect measurements of ionised-gas. Turbulent motions are in general
small in molecular gas, but could conceivably increase around a black-
hole. Similarly, if the inner gas were to be misaligned from the stel-
lar body, our mass estimate would be systematically affected in a way
that is degenerate with a change in M/L. In this galaxy, however,
we find no evidence that the velocity dispersion increases in the inner
regions (as described in Section 1.1.1 in the supplementary material),
and constrain the inner gas to be aligned with the stellar body within
<3�. Such a misalignment could change velocities by an insignificant
amount (<⇥ 3km s�1; see Section 1.1.2 in the supplementary material).
The presence of dust could also cause mass models to underestimate
the contribution of luminous matter to the potential. We again believe
this should not introduce significant errors in this object, because of
our careful treatment of dust in the mass model (see Section 1.1.2 in
the Supplementary Information). Future studies using this technique
should choose their targets to minimise the impact of such effects, but
can also include warps and turbulent motions in their gas disk models23,

and use near-infrared photometry as done in previous studies of dusty
objects23.

The use of molecular gas as a kinematic tracer holds great promise
to increase the total number of SMBH mass measurements in galax-
ies of all types where CO is detected. Angular resolutions of up to
0.0015 can be achieved with current mm-interferometers, allowing for
instance to resolve the SOI of a 2 � 108 M� SMBH in a galaxy with
�e = 200 km s�1 only out to around 30 Mpc. The next generation of
millimetre interferometers will have over an order of magnitude greater
angular resolution (for example, ⇤ 6 mas at 690 GHz with ALMA), as
well as greatly increased sensitivity. In less the 5 hours of integra-
tion time with ALMA one could achieve the same sensitivity and lin-
ear resolution as the observations presented here, in a galaxy 75 Mpc
away. Galaxies of lower mass (with smaller SMBHs) will also be-
come accessible. For instance, the SOI of a Milky Way-like SMBH24

(MBH = 4 � 106 M�, �e = 105 km s�1) will be resolved up to
⇤ 50 Mpc.

Measurements using a single technique will thus be possible over
the entire range of the �e-MBH relation, leading to much needed re-
duced uncertainties in the slope and normalisation of black hole-galaxy
relations. This will allow the study of a large number of spiral galax-
ies, that cannot currently be probed easily using stellar dynamical tech-
niques. Furthermore, it will also provide access to a larger number of
systems than ionised gas techniques (currently limited by the ⇤0.0005
resolution of HST). Even considering that only some of the accessi-
ble objects will have suitably relaxed and centrally-peaked distribu-
tions of molecular gas, measuring SMBH masses will be possible in
many hundreds of spiral (and early-type) galaxies, many times more
than possible using conventional stellar and ionised-gas tracers today.
This technique could also be extended using other spectral lines, such
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Black Hole Masses at High Redshift

Sphere of influence for black holes
of various masses versus redshift 

If you can make it there you’ll 
make it anywhere 

Stolen from 
Gebhardt 



Theory

Stuff%we%can%do%right%now!%%(Schaye%et%al%2014;%Furlong%et%al%
2014)Simulations are now good enough to use them to understand the 
Universe. EAGLE papers VI-XI. Use the simulations to understand the biases 
in the observational data… mock catalogues for galaxies and AGN

Stuff%we%can%do%next!

Linking%large%scale%simulaAons%and%small%scale%simulaAons; Exploit%
the%MoriEZwanzig%formula; Understand%the%ISM!%…%lots%of%“extra%
physics

Repeat%a%lot%of%Ames…





Conclusions

• Next generation surveys like PFS will give us large samples of galaxies AND 
AGN out to z~2

• We will have the capabilities to measure morphologies, gas fractions, star 
formation rates, and bolometric luminosities

• We will get nature to reveal her closely guarded secret of whether SFR or 
AGN activity rules

• See you again in 20 years to discuss how we don’t know anything about BHs 
or SFR.


