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Figure 5. Medians of scatter in ρ − CNFW, ρ − λB and ρ − Ṁ/M relationships at z = 0, where ρσ is the local environment density smoothed on different
scales and ρavg is the average density of the simulation. Different coloured lines represent different smoothing scales. The shaded grey filled curve represents
the 95 per cent confidence interval on the median, shown only for the characteristic smoothing length σ s, char = 1, 2, 4 and 8 h−1 Mpc for mass bins from left to
right, respectively, and provides an indication of sample size at different densities. Mass bins are selected relative to the non-linear mass (log10 MC = 1012.7 M⊙
at z = 0) to facilitate comparison between haloes above, at, or below MC. We see that lower mass haloes occupy regions with a wide range of local densities,
while higher mass haloes are restricted to higher density regions. Note also that larger smoothing scales will shift the range of densities towards the average
density, so equal smoothing lengths should be used to compare density ranges for haloes of different masses. See Fig. 6 for a discussion of the trends seen in
this plot.

matching to compute luminosity functions in regions of different
density, and comparing with data from the Sloan Digital Sky Survey
(SDSS) and GAMA survey. In a different approach, we are using
void density profiles from SDSS cosmic void catalogues (see e.g.
Sutter et al. 2012) to assign local densities to galaxies in low-density
regions of the SDSS, which we can then use to test predictions from
our simulations.

5 C O R R E L AT I O N S W I T H LO C A L
ENVIRONMENT DENSITY

5.1 Correlations at the present epoch

We turn our attention now to correlations between halo properties
and local density at z = 0. In Fig. 5, we show medians of correlations
between local density parameters and NFW concentration (CNFW),
Bullock spin parameter (λB) and dynamically time-averaged spe-
cific mass accretion rate (Ṁ/M). Each column reflects a different
halo mass range, while each row reflects a different halo property.
We chose mass bins such that we could compare haloes below, at
and above the characteristic mass MC of haloes that are collapsing
at z = 0, which is 1012.70 M⊙ = 5.0 × 1012 M⊙ for the Planck cos-

mological parameters used in the Bolshoi–Planck simulation (see
Rodrı́guez-Puebla et al. 2016, fig. 9, for a plot showing MC as a
function of redshift). For each panel, different lines represent dif-
ferent smoothing radii used to determine the local density around
haloes. Due to the close relationship between virial radius and halo
mass, we have plotted only smoothing radii that are greater than
σ s, min ∼ 4Rvir. We then define the characteristic smoothing length
as σ s, char = 2σ s, min, which provides a reliable picture of local ef-
fects, while not being too much influenced by a halo’s own profile
or averaged out by larger smoothing scales. These characteristic
smoothing radii are, from left to right columns, σ s, char = 1, 2, 4
and 8 h−1 Mpc, respectively. To avoid overly crowding plots with
lower mass haloes, we plot only smoothing radii from σs = 1

2 σs,char

to 4σ s, char. The curves with corresponding grey shading reflect the
95 per cent confidence interval on the median for the characteristic
local density for a given mass bin.

In addition to choosing smoothing radii sufficiently greater than
the virial radii of the haloes, we balance each mass bin to have
a flat mass–density relation. For a given mass bin, this involves
2D sub-binning by halo mass and a given local density parame-
ter, then randomly eliminating haloes from appropriate sub-bins to
force approximately equivalent mass distributions for each density

MNRAS 466, 3834–3858 (2017)

by Graham Vanbenthuysen Christoph Lee+2017  Figure 5
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Sandy’s	Summary	of	the	Really	Big	Ideas	

• Morphological	structures	at	galaxy	centers	may	modulate	inward	gas	flows	(and	build	bulges	and	BHs?).	

Some	<	1kpc.	How	do	these	evolve	over	Dme?	How	do	they	relate	to	global	Reff	and	M*?	 

– Mass	profiles	M*(r)	>>	rotaDon	curves	>>	stall	points 
– Use	dust	lanes	to	measure	inward	flow	rates? 
– Star-formaDon	over	Dme	may	modify	mass	distribuDons,	flows	– What	about	non-bars? 
– How	do	central	features	scale	with	the	key	global	properDes:	Reff,	M*	 

•Events	at	galaxy	centers	may	be	cyclical.	Can	data	be	phased	to	reveal	the	cycle?	E.g.,	ring,	SFR,	

dust,	AGN,	BPT.	  
– Many	data	indicate	past	acDvity	at	GalacDc	Center	a	few	million	yr	ago:X-ray,	Fermi	Bubble,					

partly	filled	ring.	Consistent	with	a	ring	event	now	re-forming?	  
– Can	same	paYerns	be	seen	in	other	galaxies?	  



NGC 1512 NGC 3368 NGC 1433

NGC 1097 NGC 3081 NGC 4736



Smaller Big Ideas

• Magnetic fields may modulate gas motions in Galactic Center
QSO properties:
- Eta varies enormously with BH accretion rate.  Remember this!
- Spectra are 2-D family. One is metallicity.
- Metallicity of QSOs is 4-5 Z~.  Implies strong local SF. ESF ~ EBH?
- Fermi Bubbles could be long-lived, ubiquitous and play a role in quenching.  

• All properties of local galaxies vary smoothly through the green 
valley, consistent with a steady evolutionary flow.
- S0s have same H I gas as spirals.  How is this?
- E’s don’t, yet have Lyα.  How is this?
- S0s quench because they lose their H2.  How happen?

• Both major and minor mergers are needed to create E’s.
• Confirming evidence that major mergers trigger the brightest 

QSOs and SF rates.
• More massive E’s are harder to clean out but AGNs can do it.



Challenges/Unanswered Questions/Controversies

• How do we convert all these minutiae into laws like M ~ σ4?

• Where is the “valve” that regulates mass flow onto the circum-

nuclear disk?  Is it global properties: bar, Reff, M*?  Or is it local: 

i.e., structure of the BH region?

• How do BHs grow in small bulges?  suppressed by SNae?  

wandering? lack of differential rotation?  lack of bars?   

- Why is the BH in the Milky Way so small?  Why is the BH in M31 so big?  Is 

there inner structure/properties not captured by Σ1?

• Do AGNs play a role in quenching spirals?

- If not, then why are bulges red?

• Can jets provide feedback?

• How was our Fermi Bubble inflated? By SF activity?  By AGN?



Take home points

• AGN samples identified at any wavelength are severely 
affected by selection biases and can give a biased view of 
which galaxies have AGN 

• AGN exhibit a broad distribution of accretion rates, 
indicating variability on timescales ~0.1-1 Myr                 
i.e. faster than changes in global galaxy properties 

• Incidence of AGN in main-sequence star-forming galaxies 
correlates with SFR => both are related to cold gas?                       
But… not just cold gas - additional mechanisms appear 
to trigger and fuel AGN in galaxies that are not on the main 
sequence.

 - James Aird



Conclusions: 1) Select AGN - measure host properties

• Primarily find AGN in moderate-to-high mass galaxies 
(selection bias) 

• Average SFRs of AGN are roughly consistent with the 
main sequence of star formation (for equivalent Mstellar) 

• Large scatter in Mstellar and SFR at fixed LX - no clear 
correlation between instantaneous level of black hole 
growth (traced by LX) and the host galaxy properties

James Aird
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Paper II: Aird, Coil & Georgakakis, 2018  

• Broad distribution of accretion 
rates at all M✳ 

• Lower mass galaxies host AGN of 
all accretion rates, including  
rapidly accreting black holes    


• Stellar mass dependence:

• The fraction of galaxies with a 

moderate-accretion-rate AGN is 
lower for lower mass galaxies


(after accounting for selection bias i.e. that 
AGN appear less luminous for lower masses)

X-ray selected AGN in star-forming galaxies
along the main sequence

James Aird
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➡ The fraction of galaxies with 

an “AGN”

The distribution of AGN accretion rates 11
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Figure 6. AGN duty cycle (the fraction of galaxies with black holes accreting at λsBHAR > 0.01) as a function of redshift at different stellar masses (as

indicated by the colours and symbols) for all galaxies (left), star-forming galaxies (centre) and quiescent galaxies (right). The duty cycle is calculated by

integrating our estimates of p(log λsBHAR | M∗, z) from Section 3 (see Equation 3). Error bars indicate 1σ-equivalent confidence intervals, based on the

posterior distributions of p(log λsBHAR | M∗, z) from our Bayesian analysis. For quiescent galaxies we only show estimates for our three highest mass bins

where we have reasonable constraints on the duty cycle.
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Figure 7. AGN duty cycle as a function of redshift at different stellar masses within the star-forming (blue crosses) and quiescent (red circles) galaxy

populations. We note that the lowest stellar mass bin (leftmost panel) includes galaxies with 8.5 < logM∗/M⊙ < 10.0 and above our stellar mass

completeness limits (and thus corresponds to a higher average stellar mass at higher redshifts). We find that the duty cycle increases with redshift within both

star-forming and quiescent galaxies with M∗ ! 1010M⊙ , indicating that a higher proportion of galaxies are rapidly growing their black holes at higher

redshifts. For massive galaxies (M∗ > 1010.5M⊙) the duty cycle for quiescent galaxies is lower than for star-forming galaxies at z " 2 but evolves more

rapidly with redshift.

c⃝ 2017 RAS, MNRAS 000, 1–24
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integrating our estimates of p(log λsBHAR | M∗, z) from Section 3 (see Equation 3). Error bars indicate 1σ-equivalent confidence intervals, based on the

posterior distributions of p(log λsBHAR | M∗, z) from our Bayesian analysis. For quiescent galaxies we only show estimates for our three highest mass bins

where we have reasonable constraints on the duty cycle.
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redshifts. For massive galaxies (M∗ > 1010.5M⊙) the duty cycle for quiescent galaxies is lower than for star-forming galaxies at z " 2 but evolves more

rapidly with redshift.
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X-ray selected AGN in star-forming galaxies
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Paper II: Aird, Coil & Georgakakis, 2018  

• At fixed z, AGN fraction is higher for 
higher M✳ 


• AGN fraction increases with z             
(for M✳ >~ 1010 Msun)


• Stellar-mass-dependent redshift 
evolution (weaker at low M✳) 

James Aird



• Use near-infrared (~stellar-mass) selected samples of galaxies combined with 
deep Chandra X-ray data to measure the distribution of specific black hole 
accretion rates  

• In main-sequence star-forming galaxies:


• But for galaxies that are below the main sequence 

Incidence of AGN correlates with the SFR 
   => AGN fuelled by the stochastic accretion of cold gas?

Enhanced AGN fraction 
  => broader range of triggering/fuelling mechanisms 

    i.e. not just cold gas that determines AGN activity

Broad distribution of accretion rates reflecting 
variability of AGN (on ~galactic timescales)

Conclusions: 2) Select galaxies - measure the incidence of AGN

James Aird



Take home points

• AGN samples identified at any wavelength are severely 
affected by selection biases and can give a biased view of 
which galaxies have AGN 

• AGN exhibit a broad distribution of accretion rates, 
indicating variability on timescales ~0.1-1 Myr                 
i.e. faster than changes in global galaxy properties 

• Incidence of AGN in main-sequence star-forming galaxies 
correlates with SFR => both are related to cold gas?                       
But… not just cold gas - additional mechanisms appear 
to trigger and fuel AGN in galaxies that are not on the main 
sequence.

James Aird



The Center of the Galaxy 
and

Its Influence on Larger-Scale Galactic Structures

Mark Morris
University of California, Los Angeles



No change of state in the 4+ decades since Sgr A* was discovered …

BUT, there have been multiple extreme events on 100 – 200 year time scales

Æ Moving fluorescent Feo line emission at 6.4 keV interpreted as flares of 
2- to >10-year duration and 

energies of several x 1039 ergs s-1 Clavel et al. 2012

Terrier et al. 2010



Past high levels of activity involving accretion near the Eddington rate is 
highly probable.  Evidence:

- Central young star cluster — 104 M�,  age 4 – 6 x 106 years 
Æ Star formation in immediate vicinity (< 0.5 pc) of black hole

means abundant gas, in contrast to present situation

- Residual ionization in the Magellanic stream from a UV flash several 
million years ago  (Bland-Hawthorne et al. 2013)

- Fermi Bubbles – created by a brief accretion event?



Su, Slatyer & Finkbeiner 2010 

Fermi Bubbles – high energy gamma rays



In contrast to jets, 
broadly collimated outflows 

from the Galactic center

A small-scale (5 pc) example:

Deformed magnetic field features on opposite sides of Sgr A*  
Has a plasma jet from the center deformed the field?

The Fermi Bubbles, for example, are broadly collimated



In contrast to jets, 
broadly collimated outflows 

from the Galactic center

Two more broadly collimated examples on scales of 15 pc and 150 pc:

15-pc:   Bipolar X-ray/radio lobes

150-pc:   The Galactic Center Chimney



Fermi Bubbles – two fundamentally different hypotheses

I. Star formation throughout the

Central Molecular Zone (300 pc)

Crocker & Aharonian 2011

Crocker 2012, Lacki 2014

Crocker et al. 2015 

Hadronic, long-lived (> 108 years),

plus secondary electron component

to account for: microwave haze,

polarized radio emission, and

soft X-rays at lower boundary

II. Outflow launched by nuclear 

activity – inner parsec

Su et al. 2010, Zubovas, King & Nayakshin 2011

Zubovas & Nayakshin 2012

Guo  & Mathews 2012, Yang et al. 2012

Leptonic, produced on short time

scales (few Myrs), and could be

identified with event that produced

the central young cluster



What collimates the large-scale outflows?
(inner accretion disk tends to make jets)

Æ Vertical density gradient, which is present and obvious

- scale height of gas layer ~ 30 pc

Æ The Galactic center’s vertical (dipole) magnetic field

<> B ~ 0.1 – 1 mG
<> magnetic pressure, B2/8π, may be dominant 
<> Strong implications for cosmic ray diffusion: the field

basically escorts cosmic rays vertically out of the

Galaxy.    Æ favors hadronic model.



Dali, Yunnan Province, China













                      Luis C. Ho  (何⼦⼭)
     Kavli Institute for Astronomy and Astrophysics 
                              Peking University

Some Thorny Problems for AGNs
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A simple model to interpret galaxy spectra 1605

Figure 5. Examples of spectral energy distributions obtained by combining the infrared models of Table 1 with attenuated stellar population spectra
corresponding to the same contributions by dust in stellar birth clouds (1 − f µ) and in the ambient ISM (f µ) to the total energy L tot

d absorbed and reradiated by
dust (Section 2.3). (a) Quiescent star-forming galaxy spectrum combined with the ‘cold’ infrared model of Table 1; (b) normal star-forming galaxy spectrum
combined with the ‘standard’ infrared model of Table 1; (c) starburst galaxy spectrum combined with the ‘hot’ infrared model of Table 1 (see text for details
about the parameters of the stellar population models). Each panel shows the unattenuated stellar spectrum (blue line), the emission by dust in stellar birth
clouds (green line), the emission by dust in the ambient ISM (red line) and the total emission from the galaxy, corresponding to the sum of the attenuated stellar
spectrum and the total infrared emission (black line).

characterized by an age tg and a star formation time-scale parameter
γ (equation 31), and random bursts superimposed on this continu-
ous model. We take tg to be uniformly distributed over the interval
from 0.1 to 13.5 Gyr. To avoid oversampling galaxies with negli-
gible current star formation, we distribute γ using the probability
density function p(γ ) = 1 − tanh (8 γ − 6), which is approximately
uniform over the interval from 0 to 0.6 Gyr−1 and drops expo-
nentially to zero around γ = 1 Gyr−1. Random bursts occur with
equal probability at all times until tg. We set the probability so that
50 per cent of the galaxies in the library have experienced a burst
in the past 2 Gyr. We parametrize the amplitude of each burst as
A = Mburst/Mcont, where Mburst is the mass of stars formed in the
burst and Mcont is the total mass of stars formed by the continuous
model over the time tg. This ratio is distributed logarithmically be-
tween 0.03 and 4.0. During a burst, stars form at a constant rate
over the time tburst, which we distribute uniformly between 3 × 107

and 3 × 108 yr. We distribute the models uniformly in metallicity
between 0.02 and 2 times solar.

We sample attenuation by dust in the library by randomly drawing
the total effective V-band absorption optical depth, τ̂V , and the
fraction of this contributed by dust in the ambient ISM, µ (equations
3 and 4). We distribute τ̂V according to the probability density
function p(τ̂V ) = 1 − tanh(1.5 τ̂V − 6.7), which is approximately
uniform over the interval from 0 to 4 and drops exponentially to
zero around τ̂V = 6. For µ, we adopt the same probability density
function as for γ above, i.e. p(µ) = 1 − tanh (8 µ − 6). We note that

these priors for attenuation encompass the dust properties of SDSS
galaxies, for which τ̂V and µ peak around 1.0 and 0.3, respectively,
with broad scatter (Brinchmann et al. 2004; Kong et al. 2004). Our
final stellar population library consists of 50 000 different models.

In parallel, we generate a random library of infrared spectra as
follows. We take the fraction f µ of the total infrared luminosity
contributed by dust in the ambient ISM to be uniformly distributed
over the interval from 0 to 1. We adopt a similar distribution for
the fractional contribution by warm dust in thermal equilibrium
to the infrared luminosity of stellar birth clouds, ξ BC

W . For each
random drawing of ξ BC

W , we successively draw the contributions by
the other dust components to the infrared luminosity of stellar birth
clouds (i.e. hot mid-infrared continuum and PAHs) to satisfy the
condition in equation (14): we draw ξ BC

MIR from a uniform distribution
between 0 and 1 − ξ BC

W , and we set ξ BC
PAH = 1 − ξ BC

W − ξ BC
MIR. While

this procedure does not exclude values of ξ BC
MIR and ξ BC

PAH close to
unity, it does favour small values of these parameters, and hence,
it avoids oversampling physically implausible models. We take the
equilibrium temperature T BC

W of warm dust in the stellar birth clouds
to be uniformly distributed between 30 and 60 K, and that T ISM

C of
cold dust in the ambient ISM to be uniformly distributed between 15
and 25 K. We draw the fractional contribution ξ ISM

C by cold dust in
thermal equilibrium to the infrared luminosity of the ambient ISM
from a uniform distribution between 0.5 and 1 (this also defines the
contributions ξ ISM

PAH, ξ ISM
MIR and ξ ISM

W by PAHs, the hot mid-infrared
continuum and warm dust to the infrared luminosity of the ambient
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Figure 5. Examples of spectral energy distributions obtained by combining the infrared models of Table 1 with attenuated stellar population spectra
corresponding to the same contributions by dust in stellar birth clouds (1 − f µ) and in the ambient ISM (f µ) to the total energy L tot

d absorbed and reradiated by
dust (Section 2.3). (a) Quiescent star-forming galaxy spectrum combined with the ‘cold’ infrared model of Table 1; (b) normal star-forming galaxy spectrum
combined with the ‘standard’ infrared model of Table 1; (c) starburst galaxy spectrum combined with the ‘hot’ infrared model of Table 1 (see text for details
about the parameters of the stellar population models). Each panel shows the unattenuated stellar spectrum (blue line), the emission by dust in stellar birth
clouds (green line), the emission by dust in the ambient ISM (red line) and the total emission from the galaxy, corresponding to the sum of the attenuated stellar
spectrum and the total infrared emission (black line).

characterized by an age tg and a star formation time-scale parameter
γ (equation 31), and random bursts superimposed on this continu-
ous model. We take tg to be uniformly distributed over the interval
from 0.1 to 13.5 Gyr. To avoid oversampling galaxies with negli-
gible current star formation, we distribute γ using the probability
density function p(γ ) = 1 − tanh (8 γ − 6), which is approximately
uniform over the interval from 0 to 0.6 Gyr−1 and drops expo-
nentially to zero around γ = 1 Gyr−1. Random bursts occur with
equal probability at all times until tg. We set the probability so that
50 per cent of the galaxies in the library have experienced a burst
in the past 2 Gyr. We parametrize the amplitude of each burst as
A = Mburst/Mcont, where Mburst is the mass of stars formed in the
burst and Mcont is the total mass of stars formed by the continuous
model over the time tg. This ratio is distributed logarithmically be-
tween 0.03 and 4.0. During a burst, stars form at a constant rate
over the time tburst, which we distribute uniformly between 3 × 107

and 3 × 108 yr. We distribute the models uniformly in metallicity
between 0.02 and 2 times solar.

We sample attenuation by dust in the library by randomly drawing
the total effective V-band absorption optical depth, τ̂V , and the
fraction of this contributed by dust in the ambient ISM, µ (equations
3 and 4). We distribute τ̂V according to the probability density
function p(τ̂V ) = 1 − tanh(1.5 τ̂V − 6.7), which is approximately
uniform over the interval from 0 to 4 and drops exponentially to
zero around τ̂V = 6. For µ, we adopt the same probability density
function as for γ above, i.e. p(µ) = 1 − tanh (8 µ − 6). We note that

these priors for attenuation encompass the dust properties of SDSS
galaxies, for which τ̂V and µ peak around 1.0 and 0.3, respectively,
with broad scatter (Brinchmann et al. 2004; Kong et al. 2004). Our
final stellar population library consists of 50 000 different models.

In parallel, we generate a random library of infrared spectra as
follows. We take the fraction f µ of the total infrared luminosity
contributed by dust in the ambient ISM to be uniformly distributed
over the interval from 0 to 1. We adopt a similar distribution for
the fractional contribution by warm dust in thermal equilibrium
to the infrared luminosity of stellar birth clouds, ξ BC

W . For each
random drawing of ξ BC

W , we successively draw the contributions by
the other dust components to the infrared luminosity of stellar birth
clouds (i.e. hot mid-infrared continuum and PAHs) to satisfy the
condition in equation (14): we draw ξ BC

MIR from a uniform distribution
between 0 and 1 − ξ BC

W , and we set ξ BC
PAH = 1 − ξ BC

W − ξ BC
MIR. While

this procedure does not exclude values of ξ BC
MIR and ξ BC

PAH close to
unity, it does favour small values of these parameters, and hence,
it avoids oversampling physically implausible models. We take the
equilibrium temperature T BC

W of warm dust in the stellar birth clouds
to be uniformly distributed between 30 and 60 K, and that T ISM

C of
cold dust in the ambient ISM to be uniformly distributed between 15
and 25 K. We draw the fractional contribution ξ ISM

C by cold dust in
thermal equilibrium to the infrared luminosity of the ambient ISM
from a uniform distribution between 0.5 and 1 (this also defines the
contributions ξ ISM

PAH, ξ ISM
MIR and ξ ISM

W by PAHs, the hot mid-infrared
continuum and warm dust to the infrared luminosity of the ambient
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Figure 5. Examples of spectral energy distributions obtained by combining the infrared models of Table 1 with attenuated stellar population spectra
corresponding to the same contributions by dust in stellar birth clouds (1 − f µ) and in the ambient ISM (f µ) to the total energy L tot

d absorbed and reradiated by
dust (Section 2.3). (a) Quiescent star-forming galaxy spectrum combined with the ‘cold’ infrared model of Table 1; (b) normal star-forming galaxy spectrum
combined with the ‘standard’ infrared model of Table 1; (c) starburst galaxy spectrum combined with the ‘hot’ infrared model of Table 1 (see text for details
about the parameters of the stellar population models). Each panel shows the unattenuated stellar spectrum (blue line), the emission by dust in stellar birth
clouds (green line), the emission by dust in the ambient ISM (red line) and the total emission from the galaxy, corresponding to the sum of the attenuated stellar
spectrum and the total infrared emission (black line).

characterized by an age tg and a star formation time-scale parameter
γ (equation 31), and random bursts superimposed on this continu-
ous model. We take tg to be uniformly distributed over the interval
from 0.1 to 13.5 Gyr. To avoid oversampling galaxies with negli-
gible current star formation, we distribute γ using the probability
density function p(γ ) = 1 − tanh (8 γ − 6), which is approximately
uniform over the interval from 0 to 0.6 Gyr−1 and drops expo-
nentially to zero around γ = 1 Gyr−1. Random bursts occur with
equal probability at all times until tg. We set the probability so that
50 per cent of the galaxies in the library have experienced a burst
in the past 2 Gyr. We parametrize the amplitude of each burst as
A = Mburst/Mcont, where Mburst is the mass of stars formed in the
burst and Mcont is the total mass of stars formed by the continuous
model over the time tg. This ratio is distributed logarithmically be-
tween 0.03 and 4.0. During a burst, stars form at a constant rate
over the time tburst, which we distribute uniformly between 3 × 107

and 3 × 108 yr. We distribute the models uniformly in metallicity
between 0.02 and 2 times solar.

We sample attenuation by dust in the library by randomly drawing
the total effective V-band absorption optical depth, τ̂V , and the
fraction of this contributed by dust in the ambient ISM, µ (equations
3 and 4). We distribute τ̂V according to the probability density
function p(τ̂V ) = 1 − tanh(1.5 τ̂V − 6.7), which is approximately
uniform over the interval from 0 to 4 and drops exponentially to
zero around τ̂V = 6. For µ, we adopt the same probability density
function as for γ above, i.e. p(µ) = 1 − tanh (8 µ − 6). We note that

these priors for attenuation encompass the dust properties of SDSS
galaxies, for which τ̂V and µ peak around 1.0 and 0.3, respectively,
with broad scatter (Brinchmann et al. 2004; Kong et al. 2004). Our
final stellar population library consists of 50 000 different models.

In parallel, we generate a random library of infrared spectra as
follows. We take the fraction f µ of the total infrared luminosity
contributed by dust in the ambient ISM to be uniformly distributed
over the interval from 0 to 1. We adopt a similar distribution for
the fractional contribution by warm dust in thermal equilibrium
to the infrared luminosity of stellar birth clouds, ξ BC

W . For each
random drawing of ξ BC

W , we successively draw the contributions by
the other dust components to the infrared luminosity of stellar birth
clouds (i.e. hot mid-infrared continuum and PAHs) to satisfy the
condition in equation (14): we draw ξ BC

MIR from a uniform distribution
between 0 and 1 − ξ BC

W , and we set ξ BC
PAH = 1 − ξ BC

W − ξ BC
MIR. While

this procedure does not exclude values of ξ BC
MIR and ξ BC

PAH close to
unity, it does favour small values of these parameters, and hence,
it avoids oversampling physically implausible models. We take the
equilibrium temperature T BC

W of warm dust in the stellar birth clouds
to be uniformly distributed between 30 and 60 K, and that T ISM

C of
cold dust in the ambient ISM to be uniformly distributed between 15
and 25 K. We draw the fractional contribution ξ ISM

C by cold dust in
thermal equilibrium to the infrared luminosity of the ambient ISM
from a uniform distribution between 0.5 and 1 (this also defines the
contributions ξ ISM

PAH, ξ ISM
MIR and ξ ISM

W by PAHs, the hot mid-infrared
continuum and warm dust to the infrared luminosity of the ambient
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Figure 5. Examples of spectral energy distributions obtained by combining the infrared models of Table 1 with attenuated stellar population spectra
corresponding to the same contributions by dust in stellar birth clouds (1 − f µ) and in the ambient ISM (f µ) to the total energy L tot

d absorbed and reradiated by
dust (Section 2.3). (a) Quiescent star-forming galaxy spectrum combined with the ‘cold’ infrared model of Table 1; (b) normal star-forming galaxy spectrum
combined with the ‘standard’ infrared model of Table 1; (c) starburst galaxy spectrum combined with the ‘hot’ infrared model of Table 1 (see text for details
about the parameters of the stellar population models). Each panel shows the unattenuated stellar spectrum (blue line), the emission by dust in stellar birth
clouds (green line), the emission by dust in the ambient ISM (red line) and the total emission from the galaxy, corresponding to the sum of the attenuated stellar
spectrum and the total infrared emission (black line).

characterized by an age tg and a star formation time-scale parameter
γ (equation 31), and random bursts superimposed on this continu-
ous model. We take tg to be uniformly distributed over the interval
from 0.1 to 13.5 Gyr. To avoid oversampling galaxies with negli-
gible current star formation, we distribute γ using the probability
density function p(γ ) = 1 − tanh (8 γ − 6), which is approximately
uniform over the interval from 0 to 0.6 Gyr−1 and drops expo-
nentially to zero around γ = 1 Gyr−1. Random bursts occur with
equal probability at all times until tg. We set the probability so that
50 per cent of the galaxies in the library have experienced a burst
in the past 2 Gyr. We parametrize the amplitude of each burst as
A = Mburst/Mcont, where Mburst is the mass of stars formed in the
burst and Mcont is the total mass of stars formed by the continuous
model over the time tg. This ratio is distributed logarithmically be-
tween 0.03 and 4.0. During a burst, stars form at a constant rate
over the time tburst, which we distribute uniformly between 3 × 107

and 3 × 108 yr. We distribute the models uniformly in metallicity
between 0.02 and 2 times solar.

We sample attenuation by dust in the library by randomly drawing
the total effective V-band absorption optical depth, τ̂V , and the
fraction of this contributed by dust in the ambient ISM, µ (equations
3 and 4). We distribute τ̂V according to the probability density
function p(τ̂V ) = 1 − tanh(1.5 τ̂V − 6.7), which is approximately
uniform over the interval from 0 to 4 and drops exponentially to
zero around τ̂V = 6. For µ, we adopt the same probability density
function as for γ above, i.e. p(µ) = 1 − tanh (8 µ − 6). We note that

these priors for attenuation encompass the dust properties of SDSS
galaxies, for which τ̂V and µ peak around 1.0 and 0.3, respectively,
with broad scatter (Brinchmann et al. 2004; Kong et al. 2004). Our
final stellar population library consists of 50 000 different models.

In parallel, we generate a random library of infrared spectra as
follows. We take the fraction f µ of the total infrared luminosity
contributed by dust in the ambient ISM to be uniformly distributed
over the interval from 0 to 1. We adopt a similar distribution for
the fractional contribution by warm dust in thermal equilibrium
to the infrared luminosity of stellar birth clouds, ξ BC

W . For each
random drawing of ξ BC

W , we successively draw the contributions by
the other dust components to the infrared luminosity of stellar birth
clouds (i.e. hot mid-infrared continuum and PAHs) to satisfy the
condition in equation (14): we draw ξ BC

MIR from a uniform distribution
between 0 and 1 − ξ BC

W , and we set ξ BC
PAH = 1 − ξ BC

W − ξ BC
MIR. While

this procedure does not exclude values of ξ BC
MIR and ξ BC

PAH close to
unity, it does favour small values of these parameters, and hence,
it avoids oversampling physically implausible models. We take the
equilibrium temperature T BC

W of warm dust in the stellar birth clouds
to be uniformly distributed between 30 and 60 K, and that T ISM

C of
cold dust in the ambient ISM to be uniformly distributed between 15
and 25 K. We draw the fractional contribution ξ ISM

C by cold dust in
thermal equilibrium to the infrared luminosity of the ambient ISM
from a uniform distribution between 0.5 and 1 (this also defines the
contributions ξ ISM

PAH, ξ ISM
MIR and ξ ISM

W by PAHs, the hot mid-infrared
continuum and warm dust to the infrared luminosity of the ambient
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Figure 5. Examples of spectral energy distributions obtained by combining the infrared models of Table 1 with attenuated stellar population spectra
corresponding to the same contributions by dust in stellar birth clouds (1 − f µ) and in the ambient ISM (f µ) to the total energy L tot

d absorbed and reradiated by
dust (Section 2.3). (a) Quiescent star-forming galaxy spectrum combined with the ‘cold’ infrared model of Table 1; (b) normal star-forming galaxy spectrum
combined with the ‘standard’ infrared model of Table 1; (c) starburst galaxy spectrum combined with the ‘hot’ infrared model of Table 1 (see text for details
about the parameters of the stellar population models). Each panel shows the unattenuated stellar spectrum (blue line), the emission by dust in stellar birth
clouds (green line), the emission by dust in the ambient ISM (red line) and the total emission from the galaxy, corresponding to the sum of the attenuated stellar
spectrum and the total infrared emission (black line).

characterized by an age tg and a star formation time-scale parameter
γ (equation 31), and random bursts superimposed on this continu-
ous model. We take tg to be uniformly distributed over the interval
from 0.1 to 13.5 Gyr. To avoid oversampling galaxies with negli-
gible current star formation, we distribute γ using the probability
density function p(γ ) = 1 − tanh (8 γ − 6), which is approximately
uniform over the interval from 0 to 0.6 Gyr−1 and drops expo-
nentially to zero around γ = 1 Gyr−1. Random bursts occur with
equal probability at all times until tg. We set the probability so that
50 per cent of the galaxies in the library have experienced a burst
in the past 2 Gyr. We parametrize the amplitude of each burst as
A = Mburst/Mcont, where Mburst is the mass of stars formed in the
burst and Mcont is the total mass of stars formed by the continuous
model over the time tg. This ratio is distributed logarithmically be-
tween 0.03 and 4.0. During a burst, stars form at a constant rate
over the time tburst, which we distribute uniformly between 3 × 107

and 3 × 108 yr. We distribute the models uniformly in metallicity
between 0.02 and 2 times solar.

We sample attenuation by dust in the library by randomly drawing
the total effective V-band absorption optical depth, τ̂V , and the
fraction of this contributed by dust in the ambient ISM, µ (equations
3 and 4). We distribute τ̂V according to the probability density
function p(τ̂V ) = 1 − tanh(1.5 τ̂V − 6.7), which is approximately
uniform over the interval from 0 to 4 and drops exponentially to
zero around τ̂V = 6. For µ, we adopt the same probability density
function as for γ above, i.e. p(µ) = 1 − tanh (8 µ − 6). We note that

these priors for attenuation encompass the dust properties of SDSS
galaxies, for which τ̂V and µ peak around 1.0 and 0.3, respectively,
with broad scatter (Brinchmann et al. 2004; Kong et al. 2004). Our
final stellar population library consists of 50 000 different models.

In parallel, we generate a random library of infrared spectra as
follows. We take the fraction f µ of the total infrared luminosity
contributed by dust in the ambient ISM to be uniformly distributed
over the interval from 0 to 1. We adopt a similar distribution for
the fractional contribution by warm dust in thermal equilibrium
to the infrared luminosity of stellar birth clouds, ξ BC

W . For each
random drawing of ξ BC

W , we successively draw the contributions by
the other dust components to the infrared luminosity of stellar birth
clouds (i.e. hot mid-infrared continuum and PAHs) to satisfy the
condition in equation (14): we draw ξ BC

MIR from a uniform distribution
between 0 and 1 − ξ BC

W , and we set ξ BC
PAH = 1 − ξ BC

W − ξ BC
MIR. While

this procedure does not exclude values of ξ BC
MIR and ξ BC

PAH close to
unity, it does favour small values of these parameters, and hence,
it avoids oversampling physically implausible models. We take the
equilibrium temperature T BC

W of warm dust in the stellar birth clouds
to be uniformly distributed between 30 and 60 K, and that T ISM

C of
cold dust in the ambient ISM to be uniformly distributed between 15
and 25 K. We draw the fractional contribution ξ ISM

C by cold dust in
thermal equilibrium to the infrared luminosity of the ambient ISM
from a uniform distribution between 0.5 and 1 (this also defines the
contributions ξ ISM

PAH, ξ ISM
MIR and ξ ISM

W by PAHs, the hot mid-infrared
continuum and warm dust to the infrared luminosity of the ambient

C⃝ 2008 The Authors. Journal compilation C⃝ 2008 RAS, MNRAS 388, 1595–1617

 at Peking U
niversity on January 6, 2016

http://m
nras.oxfordjournals.org/

D
ow

nloaded from
 

A simple model to interpret galaxy spectra 1605

Figure 5. Examples of spectral energy distributions obtained by combining the infrared models of Table 1 with attenuated stellar population spectra
corresponding to the same contributions by dust in stellar birth clouds (1 − f µ) and in the ambient ISM (f µ) to the total energy L tot

d absorbed and reradiated by
dust (Section 2.3). (a) Quiescent star-forming galaxy spectrum combined with the ‘cold’ infrared model of Table 1; (b) normal star-forming galaxy spectrum
combined with the ‘standard’ infrared model of Table 1; (c) starburst galaxy spectrum combined with the ‘hot’ infrared model of Table 1 (see text for details
about the parameters of the stellar population models). Each panel shows the unattenuated stellar spectrum (blue line), the emission by dust in stellar birth
clouds (green line), the emission by dust in the ambient ISM (red line) and the total emission from the galaxy, corresponding to the sum of the attenuated stellar
spectrum and the total infrared emission (black line).

characterized by an age tg and a star formation time-scale parameter
γ (equation 31), and random bursts superimposed on this continu-
ous model. We take tg to be uniformly distributed over the interval
from 0.1 to 13.5 Gyr. To avoid oversampling galaxies with negli-
gible current star formation, we distribute γ using the probability
density function p(γ ) = 1 − tanh (8 γ − 6), which is approximately
uniform over the interval from 0 to 0.6 Gyr−1 and drops expo-
nentially to zero around γ = 1 Gyr−1. Random bursts occur with
equal probability at all times until tg. We set the probability so that
50 per cent of the galaxies in the library have experienced a burst
in the past 2 Gyr. We parametrize the amplitude of each burst as
A = Mburst/Mcont, where Mburst is the mass of stars formed in the
burst and Mcont is the total mass of stars formed by the continuous
model over the time tg. This ratio is distributed logarithmically be-
tween 0.03 and 4.0. During a burst, stars form at a constant rate
over the time tburst, which we distribute uniformly between 3 × 107

and 3 × 108 yr. We distribute the models uniformly in metallicity
between 0.02 and 2 times solar.

We sample attenuation by dust in the library by randomly drawing
the total effective V-band absorption optical depth, τ̂V , and the
fraction of this contributed by dust in the ambient ISM, µ (equations
3 and 4). We distribute τ̂V according to the probability density
function p(τ̂V ) = 1 − tanh(1.5 τ̂V − 6.7), which is approximately
uniform over the interval from 0 to 4 and drops exponentially to
zero around τ̂V = 6. For µ, we adopt the same probability density
function as for γ above, i.e. p(µ) = 1 − tanh (8 µ − 6). We note that

these priors for attenuation encompass the dust properties of SDSS
galaxies, for which τ̂V and µ peak around 1.0 and 0.3, respectively,
with broad scatter (Brinchmann et al. 2004; Kong et al. 2004). Our
final stellar population library consists of 50 000 different models.

In parallel, we generate a random library of infrared spectra as
follows. We take the fraction f µ of the total infrared luminosity
contributed by dust in the ambient ISM to be uniformly distributed
over the interval from 0 to 1. We adopt a similar distribution for
the fractional contribution by warm dust in thermal equilibrium
to the infrared luminosity of stellar birth clouds, ξ BC

W . For each
random drawing of ξ BC

W , we successively draw the contributions by
the other dust components to the infrared luminosity of stellar birth
clouds (i.e. hot mid-infrared continuum and PAHs) to satisfy the
condition in equation (14): we draw ξ BC

MIR from a uniform distribution
between 0 and 1 − ξ BC

W , and we set ξ BC
PAH = 1 − ξ BC

W − ξ BC
MIR. While

this procedure does not exclude values of ξ BC
MIR and ξ BC

PAH close to
unity, it does favour small values of these parameters, and hence,
it avoids oversampling physically implausible models. We take the
equilibrium temperature T BC

W of warm dust in the stellar birth clouds
to be uniformly distributed between 30 and 60 K, and that T ISM

C of
cold dust in the ambient ISM to be uniformly distributed between 15
and 25 K. We draw the fractional contribution ξ ISM

C by cold dust in
thermal equilibrium to the infrared luminosity of the ambient ISM
from a uniform distribution between 0.5 and 1 (this also defines the
contributions ξ ISM

PAH, ξ ISM
MIR and ξ ISM

W by PAHs, the hot mid-infrared
continuum and warm dust to the infrared luminosity of the ambient
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Figure 5. Examples of spectral energy distributions obtained by combining the infrared models of Table 1 with attenuated stellar population spectra
corresponding to the same contributions by dust in stellar birth clouds (1 − f µ) and in the ambient ISM (f µ) to the total energy L tot

d absorbed and reradiated by
dust (Section 2.3). (a) Quiescent star-forming galaxy spectrum combined with the ‘cold’ infrared model of Table 1; (b) normal star-forming galaxy spectrum
combined with the ‘standard’ infrared model of Table 1; (c) starburst galaxy spectrum combined with the ‘hot’ infrared model of Table 1 (see text for details
about the parameters of the stellar population models). Each panel shows the unattenuated stellar spectrum (blue line), the emission by dust in stellar birth
clouds (green line), the emission by dust in the ambient ISM (red line) and the total emission from the galaxy, corresponding to the sum of the attenuated stellar
spectrum and the total infrared emission (black line).

characterized by an age tg and a star formation time-scale parameter
γ (equation 31), and random bursts superimposed on this continu-
ous model. We take tg to be uniformly distributed over the interval
from 0.1 to 13.5 Gyr. To avoid oversampling galaxies with negli-
gible current star formation, we distribute γ using the probability
density function p(γ ) = 1 − tanh (8 γ − 6), which is approximately
uniform over the interval from 0 to 0.6 Gyr−1 and drops expo-
nentially to zero around γ = 1 Gyr−1. Random bursts occur with
equal probability at all times until tg. We set the probability so that
50 per cent of the galaxies in the library have experienced a burst
in the past 2 Gyr. We parametrize the amplitude of each burst as
A = Mburst/Mcont, where Mburst is the mass of stars formed in the
burst and Mcont is the total mass of stars formed by the continuous
model over the time tg. This ratio is distributed logarithmically be-
tween 0.03 and 4.0. During a burst, stars form at a constant rate
over the time tburst, which we distribute uniformly between 3 × 107

and 3 × 108 yr. We distribute the models uniformly in metallicity
between 0.02 and 2 times solar.

We sample attenuation by dust in the library by randomly drawing
the total effective V-band absorption optical depth, τ̂V , and the
fraction of this contributed by dust in the ambient ISM, µ (equations
3 and 4). We distribute τ̂V according to the probability density
function p(τ̂V ) = 1 − tanh(1.5 τ̂V − 6.7), which is approximately
uniform over the interval from 0 to 4 and drops exponentially to
zero around τ̂V = 6. For µ, we adopt the same probability density
function as for γ above, i.e. p(µ) = 1 − tanh (8 µ − 6). We note that

these priors for attenuation encompass the dust properties of SDSS
galaxies, for which τ̂V and µ peak around 1.0 and 0.3, respectively,
with broad scatter (Brinchmann et al. 2004; Kong et al. 2004). Our
final stellar population library consists of 50 000 different models.

In parallel, we generate a random library of infrared spectra as
follows. We take the fraction f µ of the total infrared luminosity
contributed by dust in the ambient ISM to be uniformly distributed
over the interval from 0 to 1. We adopt a similar distribution for
the fractional contribution by warm dust in thermal equilibrium
to the infrared luminosity of stellar birth clouds, ξ BC

W . For each
random drawing of ξ BC

W , we successively draw the contributions by
the other dust components to the infrared luminosity of stellar birth
clouds (i.e. hot mid-infrared continuum and PAHs) to satisfy the
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A simple model to interpret galaxy spectra 1605

Figure 5. Examples of spectral energy distributions obtained by combining the infrared models of Table 1 with attenuated stellar population spectra
corresponding to the same contributions by dust in stellar birth clouds (1 − f µ) and in the ambient ISM (f µ) to the total energy L tot

d absorbed and reradiated by
dust (Section 2.3). (a) Quiescent star-forming galaxy spectrum combined with the ‘cold’ infrared model of Table 1; (b) normal star-forming galaxy spectrum
combined with the ‘standard’ infrared model of Table 1; (c) starburst galaxy spectrum combined with the ‘hot’ infrared model of Table 1 (see text for details
about the parameters of the stellar population models). Each panel shows the unattenuated stellar spectrum (blue line), the emission by dust in stellar birth
clouds (green line), the emission by dust in the ambient ISM (red line) and the total emission from the galaxy, corresponding to the sum of the attenuated stellar
spectrum and the total infrared emission (black line).
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The AGN outshines most of SED

Accretion Disk Dust Torus

Synchrotron



Bulgeless 
Disks



      M 87 (stars): M• = (6.2±0.38) x 109 M⊙  (Gebhardt et al. 2011)

      M 87 (gas):   M• = (3.5±0.85) x 109 M⊙  (Walsh et al. 2013)



accretion
disk

broad-line
region

BH

Mvirial = f RV 2/G                          

f    virial factor
R   BLR radius 

V   BLR virial velocity
V→ ←

Hβ broad line

R ~ c 𝛕

𝛕 = time lag

Reverberation Mapping

R ∝ L0.5
Ho & Kim (2014, 2015)

uncertainty：

M•  estimates for  z ≈ 0 − 7

   
Can we ever estimate BH masses for AGNs 

better than a factor of 2−3?



High-Accuracy, High-Precision BH Masses with ALMA

Figure 1: Central portion of HST optical images of NGC 1332, 4261, and 4374 (from left to right).
In each case the field of view is 6′′ × 6′′. All images were taken with the WFPC2/PC camera. In
NGC 4374, in addition to the rotating circumnuclear disk, there is a larger-scale dust lane that is
spatially offset from the disk; this offset dust lane is visible in the upper half of the figure.

Table 1. Sample Properties
Galaxy Type cz D σ MBH Method rg rdisk

(km s−1) (Mpc) (km s−1) (M⊙) (arcsec) (arcsec)
NGC 1332 S0 1524 20.0 320 ± 10 (1.45 ± 0.2) × 109 stars 0.63 2.1
NGC 4261 E 2238 33.4 315 ± 15 5.5+1.1

−1.2 × 108 gas 0.15 0.8
NGC 4374 E 1060 17.0 296 ± 14 8.5+0.9

−0.8 × 108 gas 0.51 1.2

Notes: Basic data and BH masses are taken from NED and from Gültekin et al. (2009), Rusli et al.
(2011), Ferrarese et al. (1996), and Walsh et al. (2010). The “Method” column indicates whether
the previous BH mass measurement was done via the dynamics of stars or ionized gas. As described
above, we believe that the mass measured for NGC 4261 should be considered a lower limit, since
turbulent pressure support was not accounted for in modeling the ionized gas dynamics, thus the
estimated rg would also be a lower limit. The last column gives the dust disk radius rdisk in arcseconds.

2.3 Immediate objective:

Our goal is to detect the 12CO(2-1) emission from the circumnuclear disks and measure the velocity
profiles, which we anticipate will show double-horned shapes due to disk rotation (e.g., Lim et al.
2000). We choose 12CO(2-1) because it is likely to be the strongest molecular feature (i.e., often
stronger than the 1-0 transition), as shown by previous observations of early-type galaxies (e.g.,
Young et al. 2011). Additionally, the 12CO(2-1) line allows us to achieve higher angular resolution
than the 12CO(1-0) line. We will model the CO line profiles to obtain preliminary estimates of
BH masses, and we will use the measured CO fluxes as a guide toward preparation of future ALMA
proposals for deeper and higher-resolution observations that will enable us to measure the BH masses
directly and accurately from the spatially resolved disk kinematics.

Figure 2 shows simulations of the 12CO(2-1) line profiles for the NGC 4261 disk as an example.
Using the disk inclination measured from HST data (i = 64◦; Ferrarese et al. 1996), the simulations
show that the overall profile width and separation of the double horns of the profile are sensitive
to MBH, even when the disk is spatially unresolved. Furthermore, the overall profile width is not
highly sensitive to the radial profile of CO surface brightness in the disk. While local inhomogeneities
in disk structure will likely make the line profiles somewhat irregular compared with these simple
model predictions, the profile width is still capable of demonstrating the presence of a central massive
object. Future, higher-resolution ALMA data that spatially resolves the disk kinematics can be used
to directly model the disk kinematics and BH mass even if local irregularities in surface brightness

3

Barth, H
o, Baker, D

arling

   
  ALMA:  M• = (6.64±0.64) × 108 M⊙  (Barth et al. 2016)

   
   HST:      M• = (1.45±0.20) × 109 M⊙  (Rusli et al. 2011)

   
                                        ???



Boizelle, Barth, Ho, et al. (2018) NGC 3258 @ 40 MpcALMA CO(2-1)resolution < 0.1” 

MBH uncertainty < 6%



GRAVITY   
VLT Interferometer

2 milliarcsec 
to 10 microarcsec



Shao et al. (2017)

Dynamical Masses Using Radio Lines
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Dynamical Masses Using Radio Lines

Venemans et al. (2012)

 z = 7.1 
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Venem
ans et al. (2017b)

Dynamical Masses Using Radio Lines



Central Star 
Formation in 

Galaxies
Steve Longmore



Review: "̇(r,t) and SFR(r,t)

Goal: review our current 
understanding of the physical 

mechanisms controlling the mass 
inflow and star formation in the 

centres of galaxies.

Talk outline

Enormous amount of literature on 
this topic and secular evolution of 

galaxies (e.g. Kormendy & Ho 
ARAA)

Focus on recent developments 
driven by improvements in 

numerical simulations and high 
resolution/sensitivity gas 

observations. 



Review: "̇(r,t) and SFR(r,t)

Inner (few) ~kpc



Review: "̇(r,t) and SFR(r,t)

"̇ is highly variable as 
a function of both r 

and t.

Bottlenecks in mass 
inflow at specific radii 

driven by shear, 
minima, instabilities or 

orbital pile up.



Review: "̇(r,t) and SFR(r,t)

SFR is highly variable as a 
function of both r and t.

1. SFR → 0 at most radii.

2. Majority of SF constrained to 
“bottleneck” radii.

SFR à Not proportional to 
Σa, ρb, M(N>1021cm-2) 

SFR à Incompatible with 
environmentally 
independent SF relations

SFR à Broadly consistent 
with environmentally 
dependent predictions

M, α, ρ0 à ρcrit

M(ρ>ρcrit) à SFRff ~2%

Longmore+13, Leroy+, Bigiel+, Usero+, Meidt+, Barnes+



Review: "̇(r,t) and SFR(r,t)

Inflowing 
gas is not 

self-
gravitating

SFR à Not proportional to 
Σa, ρb, M(N>1021cm-2) 

SFR à Incompatible with 
environmentally 
independent SF relations

SFR à Broadly consistent 
with environmentally 
dependent predictions

M, α, ρ0 à ρcrit

M(ρ>ρcrit) à SFRff ~2%

Longmore+13, Leroy+, Bigiel+, Usero+, Meidt+, Barnes+

Kruijssen, SNL+14

Gas is SF 
rings close 

to self-
gravitating

“Turbulent” gas pressure 
dominates support



Review: "̇(r,t) and SFR(r,t)



Review: "̇(r,t) and SFR(r,t)

Very high degree of turbulence 

means the gas gets to very high 

density before forming stars 

Initial (proto) stellar density 

MUCH higher than in the disk 

(1e4 stars/pc3)

Star formation highly clustered: 

e.g. in the MW 50% of stars 

form in clusters of 1e4 Msun, 

radius ~pc.

Ginsburg & Kruijssen 2018



Some key open questions

What physical mechanisms are 
responsible for determining the 
rate at which the gas piled up at 
bottleneck radii is transported 

towards the black hole?

Is (feedback from) star formation 
important in this further inward 
transport of gas (e.g helping to 
remove angular momentum)?

If so, do we expect a link between 
the timescales for star formation 
activity and feedback at ~100pc 

scales, and black hole feeding and 
feedback?

Is the black hole passive or active in 
such a cycle?



Comparing the distribution of gas and young stars 

10pc @8.5kpc



200 pc

= cold (molecular) gas
= warm (ionised) gas
= young/forming stars

Barnes et al. (2017)

Longmore et al. (2013)
Kruijssen, Dale & Longmore (2015)



Centre of the Galaxy

Direction to Earth

200 pc

= cold (molecular) gas

= warm (ionised) gas
= young/forming stars

2. Gravitational instabilities 
dictate regular spacing and 

mass of clouds 
(Henshaw+16)

3. Clouds tidally compressed during pericentre
passage (Kruijssen, Dale, Longmore 18).

4. Gravitationally-bound clouds 
begin to collapse and form stars

5. Feedback from 
forming stars begins 

disrupting clouds 
and halting star 

formation

7. Feedback 
drives expansion 

into the 
surrounding ISM

8. Energy & 
momentum 

injected into ISM

Longmore et al. (2013)
Kruijssen, Dale & Longmore (2015)

1. Arrival of clouds in tidally 
compressive region 

transforms clouds from being 
supervirial to ~virial and leads 

to star formation
(Kruijssen, Dale, Longmore 18).



Conclusions: "̇(r,t) and SFR(r,t)

Bottlenecks in "̇ at specific r.

SFR à highly variable with r and t.

M, α, ρ0 à ρcrit

M(ρ>ρcrit) à SFRff ~2%

SF bursty/episodic:
~20 Myr duty cycle, SFR varies by 1-2 dex

Stellar feedback highly localised in space 
and time

Important part of galactic-scale feedback 
cycle 

Feedback in MW GC

Gas around young stellar clusters
expelled to >10pc within ~Myr

– PHII dominant by 2 orders of 
magnitude

– Gas cleared to tens of pc 
before SNe explode 

– Energy and momentum 
feedback efficiency few %

"̇(r,t) à highly variable with r , t

Feedback shaping baryon cycles 








