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Introduction: The “Big” Theoretical Problem

Gas Inflow
(along DM streams)

Gas Inflow
(along DM streams)

Only ~5-10% of baryons in Stars
Up to ~90% of baryons in ionized hot halo
à Why so few baryons in stars?

AGN Feedback Observed

Credit: McNamara et al.
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1) Why is star formation so inefficient?
(Theoretical / Cosmological Perspective)

2) Why is the hot gas halo stable to 
cooling and collapse?
(Galaxy Clusters / X-ray & Radio Perspective)

3) Why do quenched galaxies exist?
(Galaxy Evolution / Optical – NIR Perspective)



Introduction: Theoretical Mechanisms for Quenching

Ø“Intrinsic” - Centrals and Satellites
ØHalo Mass Quenching (MHalo)
ØAGN Feedback: Radio-Mode (MBH)
ØAGN Feedback: Quasar-Mode (dMBH/dt)max
ØStellar & Supernova Feedback (M*)
ØMorphological Quenching (MBulge/(Rd)3)
ØMergers & Gas Depletion (B/T; Γm)

Ø“Environmental” - Satellites Mostly
ØRam Pressure Stripping (ρgas, Vsat)
ØGalaxy – Galaxy Harassment (δgal)
ØHost Halo Tidal Stripping (MHalo, Dcen)
ØLocation in Cosmic Web (cen. – sat. class)

Galaxy-Galaxy Interactions

ØMore Exotic Alternatives
Øe.g. DM Annihilation, DM Interactions,          

Magnetic Fields, Cosmic Rays etc.

AGN Feedback



AGN Feedback
à MBH Dependence

Piotrowska, Bluck et al. (2020b, in prep.)

Wisdom from Hydrodynamical Simulations
Work done by: Joanna Piotrowska (Cambridge)

Random Forest Classification Analysis
SFMS in Simulations

Key Insight: Central galaxy quenching is governed by MBH modern simulations 
à Role of integrated impact of AGN feedback over cosmic time

NOT dMBH/dt
Dependence



MaNGA IFU Survey – DR15

The MaNGA Survey:
Ø SDSS IV Ongoing Large Program

Ø ~10,000 Local (z < 0.1) Galaxies 

Observed with IFU Spectroscopy

Ø Flat Mass Distribution (109 – 1011.5Msun)

Ø 3600 – 10000 A Spectral Range                      

(R = 2000)

Ø ~1kpc Spatial Resolution (0.5 arcsec)

Ø Largest IFU Survey to date!

Bundy et al. (2015); Sanchez et al. (2016a,b) Apache Point Observatory

Data Cube

Pipe3D DR15 VAC:
Ø ~4500 Galaxies Observed

Ø ~10 Million Spectra Analysed:
Ø Emission Line Strengths (Flux & EW)

Ø Absorption Lines & Spectral Indices

Ø Kinematics (Vlos, σlos)

Ø SSP Fitting Parameters: stellar mass 

densities, stellar agesL,M, stellar 

metallicities, SFHs…



Star Forming Main Sequence: Resolved vs. Global

Bluck et al. (2020b, submitted)

SFR
H⍺ | D4000

Brinchmann+04

ΣSFR
H⍺ | D4000
Bluck+20a



How is Star Formation Distributed within Galaxies?

• Star forming systems are star forming 
everywhere in radius (out to r ~ 1.5Re)

• Quenched systems are quenched everywhere in 
radius (out to r ~ 1.5Re)

• But, green valley systems have quenched cores 
and star forming outskirts                                        
-> “inside-out” quenching
(see also Tacchella+15, Ellison+18, Medling+18) 

• High levels of star formation lead to young 
stellar ages

• Low levels of star formation lead to old 
stellar ages

• But, green valley systems have older cores 
and younger outskirts
à Consistency with SFR results

Offset from Resolved SFMS Luminosity Weighted Stellar Age



All Galaxies Centrals Satellites

Bluck et al. (2020b, submitted)

Take Away: “Central galaxies quench “inside-out”; but 
satellite galaxies have much flatter profiles in transition”

Comparing Central & Satellite Galaxies



Star Formation & Quenching as a Function of Mass

Bluck et al. (2020b, submitted)

Take Away: “High mass quenching proceeds inside-out 
but low mass quenching proceeds outside-in”

All Galaxies Increasing M*

“Outside-in”

“Inside-out”

“Inside-out”
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Figure 4. Output ANN probability distribution for α = 0.5 case (where
0 = SF, 1 = PA) for originally classified SF (blue) and PA (red) galaxies.
The vertical grey dashed line at X = 0.7 shows a randomly selected threshold.
For this threshold, the red shaded area to the right of the line gives the TPR
(0.783), and the blue shaded area to the right of the line gives the FPR
(0.069). Note that in general FPR + TPR ̸= 1, since the sum of the red area
and the sum of the blue area (from X = 0–1) is unity, not the sum of the blue
and the red areas across any given threshold.

with value 1, although an equivalent formulation of this statistic
based on the SF sample (originally labelled as 0) is also possible.
These will give equivalent results because of the binary nature of
our experimental setup, i.e. P(PA) = 1 − P(SF).

On the right hand side of any selected threshold (decision bound-
ary) we will have two relevant percentage values. For example, on
the right hand side of the vertical dashed line in Fig. 4 (at a threshold
at X = 0.7), the fraction of galaxies that are correctly classified as PA
is 0.783. We call this the True Passive Rate (hereafter TPR); thus,
we have TPR = 0.783. However, there are also some SF galaxies
in this region of the probability distribution which are misclassified
as PA galaxies. We call this fraction the False Passive Rate (FPR).
For our example threshold at X = 0.7, FPR = 0.069. Thus, for
any selected threshold we will have two values: TPR and FPR. The
ROC graph is obtained by plotting TPR versus FPR for all possible
thresholds (0–1). Fig. 5 shows this for α = 0.5. This curve can be
used to quantify the performance of our classification (as in Bradley
1997). Higher areas under the ROC curve (hereafter AUC) indicate
a better performance of the network in determining the correct SF
or PA state of galaxies.

We plot ROC curves related to different values of α in Fig. 6. The
black dashed line is for the perfect classification (where α = 0),
which yields an AUC = 1. A sample of completely random num-
bers (α → ∞) will generate the (diagonal) grey dashed line, with
AUC = 0.5. All other values of α will yield an AUC performance
between these extremes. So, from random to perfect classification
the value of AUC changes from 0.5 to 1, respectively. In the engi-
neering literature (e.g. Hosmer & Lameshow 2000) the AUC values
correspond to success ‘labels’ (see Table 2).

We obtain all AUC values associated with the different α values
and plot these in Fig. 7. As can be seen, the area under the curve
varies from a perfect classification (at α = 0) with a value of 1 to an
almost random result of 0.55 (at α = 10). Thus, the AUC statistic
strongly correlates with the true ‘signal’ in the data, in this case
"SFR. Higher randomness or noise leads to lower AUC values.

Our analysis techniques are now ready for exploitation on real
data. In order to determine which galaxy properties modulate the
quenching of star formation, we consider each variable from Table 1
in turn (and combinations thereof) as input to the ANN, and quantify
how well they discriminate the PA and SF populations. As described
above, successful discrimination is characterized by a large AUC

Figure 5. An ROC plot obtained from the ANN output probability distribu-
tion of Fig. 4 , for α = 0.5. Specifically, we plot the TPR versus the FPR (see
Section 3.3). We change the threshold from 1 to 0, systematically obtaining
different values for TPR and FPR. As an example, the point [0.20 0.85] is
obtained from threshold X = 0.5. The thresholds are indicated by the colour
of the ROC curve line, labelled by the colour bar. The dashed grey line
indicates the result for a random variable, with area under the ROC curve,
AUC = 0.5.

Figure 6. ROC curves obtained from the ANN output probability distribu-
tions for varying values of the randomness parameter, α, shown in Fig. 3.
Specifically, we plot the TPR versus the FPR (see Section 3.3). For α =
0 the performance is perfect with AUC = 1; the AUC then decreases sys-
tematically with increasing α, up to a theoretical limit of AUC = 0.5 as
α → ∞.

Table 2. An interpretation of the AUC parameter in
engineering (by Hosmer & Lameshow 2000).

AUC range Description

1.0 Perfect discrimination
0.9–1.0 Outstanding discrimination
0.8–0.9 Excellent discrimination
0.7–0.8 Acceptable discrimination
0.5–0.7 Unacceptable discrimination
0.5 No discrimination (random)

MNRAS 457, 2086–2106 (2016)Downloaded from https://academic.oup.com/mnras/article-abstract/457/2/2086/967877
by ETH Zürich user
on 13 November 2017

Input for Training:

TBE+16

See also Teimoorinia, Bluck & Ellison (2016)  &  Bluck et al. (2019a) for similar ML approaches

1) Identify which parameters, and 
groups of parameters, are 
particularly effective at  
predicting whether regions will 
be star forming or quenched

“Classification”

2) Identify which parameters, and 
groups of parameters, are 
particularly effective at predicting 
actual SFR surface densities in 
star forming regions

“Regression”

Quenching:

Star Formation:
Example Output:

Q:SF PDF

Setting up the Machine Learning Problem: 
Quenching Classification & Star Formation Rate Regression in ANN & RF

Bluck+20a



Bluck et al. (2020a)

Insights from Machine Learning: 
Star Formation vs. Quenching in ANN & RF for Centrals Only

ANN: Quench

RF: Quench

RF: Star FormationANN: Star Formation



Bluck et al. (2020a)

Insights from Machine Learning: 
Star Formation vs. Quenching in ANN & RF for Centrals Only

ANN: Quench

RF: Quench

RF: Star FormationANN: Star Formation

Most Predictive: !c

Most predictive: Σ*

Quenching is GLOBAL

Star Formation is LOCAL
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Figure 11. Final test of global vs. local for star formation and quenching. Both panels plot the global hyper-parameter (PC1(global)) against the local hyper-
parameter (PC1(local)), which represent the first principal component for the global and local data sets, respectively. In the left panel, the PC1(global) -
PC1(local) plane is colour coded by the fraction of quenched spaxels (fQS ) in each hexagonal bin. Alternatively, in the right panel, the PC1(global) -
PC1(local) plane is colour coded by mean star formation rate surface density (⌃SFR) in each hexagonal bin. From visual inspection, it is clear that quenching
progresses predominantly vertically (i.e. as a function of global parameters); whereas star formation (probed in star forming regions) progresses predominantly
horizontally (i.e. as a function of local parameters). We quantify this effect using the axis ratio statistic (see eqs. 16 & 17). ✓Q shows the angle (clockwise
from vertical) with the steepest increase in fQS . Conversely, ✓SF shows the angle with the steepest increase in ⌃SFR. There is a pronounced rotation from
global to local dependence as we change from ✓Q to ✓SF . Thus, quenching is a global process but star formation is a local process.

which quantifies the strength of correlation between two vari-
ables at a fixed third variable (see Bluck et al. 2019, Bait et al.
2017). Specifically, the PCC is defined as:

⇢AB,C =
⇢AB � ⇢AC · ⇢BCp
1� ⇢2

AC

p
1� ⇢2

BC

(15)

where, e.g., ⇢AB indicates the Spearman rank correlation coef-
ficient between variables A and B. The Spearman rank corre-
lation expands on the Pearson correlation statistic by first rank
ordering parameters, which essentially relaxes the assumption
of linearity in favour of the more mild assumption of mono-
tonicity (which is clearly supported by this data). Next, we
utilise the PCC statistics of the colour bar variable in Fig. 11
with each of the x- and y-axis variables to construct the opti-
mal route through each diagram to maximise either quenching
(left panel) or star formation (right panel). We then construct
the quenching axis by treating the two PCC values as compo-
nents of a vector, explicitly calculating:

✓Q = tan
�1

 
⇢Y fQS ,X

⇢XfQS ,Y

!
(16)

and

✓SF = tan
�1

 
⇢Y ⌃SFR,X

⇢X⌃SFR,Y

!
(17)

where, e.g., ⇢Y fQS ,X indicates the partial correlation of fQS

with the y-axis variable, at fixed values of the x-axis variable.
Thus, ✓Q gives the angle clockwise from vertical (aligned with
the y-axis) which indicates the optimal direction through the
two dimensional plane for maximising the fraction of quenched
spaxels. If ✓Q = 90� this indicates that the quenched fraction
is entirely correlated with the x-axis parameter, and entirely
uncorrelated with the y-axis parameter. Conversely, if ✓Q = 0�

this indicates that the quenched fraction is entirely correlated
with the y-axis parameter, and entirely uncorrelated with the
x-axis parameter. A value of ✓Q = 45� indicates an even split in
correlation between the x- and y-axes, with quenched fraction
depending equally on both axes. A negative value of ✓Q indi-
cates that the x-axis variable is negatively correlated with the
quenched fraction, at fixed values of the y-axis variable; and a
value of ✓Q > 90

� indicates that the y-axis variable is nega-
tively correlated with the quenched fraction at fixed values of
the x-axis variable. As such, the quenching axis acts like a com-
pass which points in the direction of maximal quenching.

In exact analogy to ✓Q, ✓SF acts as a compass which points
in the direction of maximal increase in ⌃SFR. Note that if the
two processes were equivalent (i.e. if quenching was a result
solely of a lack of star formation drivers in these data), one
would expect ✓Q = ✓SF � 180

� (accounting for quenching and
increased star formation being opposites). In both cases, errors
are determined from a Monte Carlo (MC) simulation, varying
each parameter within its respective errors and recomputing
the correlation, partial correlation, and quenching axis statis-
tics in each case. The 1� error is then taken as the variance
across the multiple MC runs.

We find that ✓Q = 16(±4)
� and ✓SF = 93(±3)

�. Thus,
star formation is governed almost entirely by local processes,
i.e. it is a function solely of local variables in our data. Con-
versely, quenching is much more dependent on global parame-
ters than local parameters, although there is a weak correlation
between quenching and local parameters, even at fixed global
values. These results are in precise accord with our prior ma-
chine learning analysis, and hence lend further confidence to
our overarching conclusion: that quenching is a global galaxy-
wide process, yet star formation is a locally dependent phe-
nomenon. Finally, it is important to highlight that the differ-

c� 0000 RAS, MNRAS 000, 000–000
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“Quenching is a global process” “Star formation is a local process”

Bluck+20a

Insights from Machine Learning: 
PCA Test of GLOBAL vs. LOCAL Star Formation & Quenching

Bluck+20a



Insights from Machine Learning: 
Quenching of Centrals & Satellites in a Random Forest Classification

Bluck et al. (2020b, submitted)

!c

Int.

!c

Int.

!c

Int.

δ5

Env.

Centrals Satellites

High M* Low M*



Insights from Machine Learning: 
Quenching of Centrals & Satellites in a Random Forest Classification

Take Away: “Central galaxy quenching depends primarily on 
central velocity dispersion; but low mass satellite galaxy 
quenching depends primarily on local density”

Bluck+20b

Int. -> Env.



Insights from Machine Learning: 
Visualizing the Machine Learning Results

Central Velocity Dispersion: σc Local Galaxy Over-Density: δ5

There is a striking separation in σc
between star forming and quenched 
centrals. But no separation for low 
mass satellites.

There is a clear separation in δ5
between star forming and quenched 
low mass satellites. But essentially no 
separation for centrals.



Insights from Machine Learning: 
Important Test -- Partial Correlation Coefficient Analysis in SDSS

Note: negligible importance of both 
stellar and halo mass, at fixed 
central velocity dispersion

All Centrals Low Mass Satellites

Note: negligible importance of 
central velocity dispersion at fixed 
local galaxy density

Bluck et al. (2020b, submitted)



McConnell et al. (2011)

MBH – σ Relation

Interpreting the Importance of !c & δ5

Strong dependence on σc à Strong dependence on MBH

(see also Bluck+14,16; Teimoorinia, Bluck & Ellison 2016)

Bluck+20b

Quenched Fraction – MBH Dependence

AGN 
Feedback

Environmental
Quenching



Central galaxy quenching is governed by supermassive black hole mass
(which is a natural prediction of AGN feedback models, yet highly challenging

for models utilising virial shocks and/or supernovae heating to explain!)

Bluck et al. (2020a)

SDSS
Centrals

Quenching 
Axis

Quenching 
Axis

Key Result:

ϴQ ~ 0o ϴQ ~ 0o

Comparing MBH, MHalo & M* as Drivers of Quenching

SDSS
Centrals



Bringing It All Together: 
ΔΣSFR Profiles in Ranges of Black Hole Mass and Local Galaxy Density

Black Hole Mass:
“Inside-out” Quenching

Local Density:
“Outside-in” Quenching

Effective in all high mass galaxies Effective in low mass satellites only

Bluck et al. 2020b, submitted



Conclusions
Ø Central (and high mass satellite) quenching is 

governed by intrinsic processes, especially those 
connected with !c

Ø Low mass satellite quenching is governed by 
environmental processes, especially those 
connected with δ5 

Ø High mass quenching operates “inside-out”

Ø Low mass quenching operates “outside-in”

Ø Both forms of quenching encompass the entire 
galaxy over time… 

à Globally Quenched Systems

(with no dependence on resolved parameters)

Papers: Bluck+20a; Bluck+20b, submitted; 
Piotrowska, Bluck+20b, in prep.

AGN Feedback

Environmental Feedback


