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Outline

2

ISM scaling relations - ALFALFA/GASS/COLDGASS/HRS

Define `normalcy’ in galaxy population: constraints to theory

Insights into physical link between ISM and integrated galaxy properties
→ when it comes to cold gas, M* is not the king

Unique tools to discriminate between nature and nurture
→ statistical evidence for fast and direct gas stripping from pairs to clusters

Dynamical scaling relations - SAMI

IFS surveys: investigate scaling relations for all galaxy types at once 
→ M*-angular momentum - spin/morphology plane: a possible way to unify galaxies
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Global HI-H2-dust scaling relations
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Dust

Cortese+ 2012
Viaene+2014
Clark+2015

Molecular Hydrogen

Saintonge+ 2011
Boselli+2014

Bothwell+2014

Atomic Hydrogen

Catinella+ 2010
Cortese+2011
Huang+2012

Kannappan+2004,2014

Stellar Mass Stellar Mass surface density Colour~SSFR
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ISM scaling relations and galaxy models
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ISM scaling relations and environment
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Total G/D ratio varies very little between field and cluster

HI and H2 behave differently:  HI/Dust decreases - H2/Dust increases

All consistent with 
differential stripping 

acting outside-in

LC+ 2016a

Total Gas/Dust HI/Dust H2/Dust

Field
Virgo

Field
Virgo

Field
Virgo

HI

Dust

CO

Gas-to-dust ratio across environment 7

4 DIFFERENTIAL STRIPPING OF THE ISM

A natural scenario that could explain the results presented
in Fig. 4 is stripping by ram-pressure. The hydrodynamic
pressure of the intra-cluster medium on galaxies remove pri-
marily the ISM in the outer-parts of the disk, which are
generally Hi-dominated compared to the inner e↵ective ra-
dius where most of the neutral hydrogen is condensed into
molecules. Thus, if environment is more e�cient in the out-
skirts of galaxies, the net e↵ect on the total gas and dust
reservoirs is simply related to how extended their distribu-
tions are. In other words, in case of ram pressure, the evi-
dence for di↵erential stripping shown in the previous section
may be simply a consequence of the di↵erent scale-lengths
of the Hi, H2 and dust disks.

We test this hypothesis in two di↵erent, complementary,
ways. In the first one, we use an analytical approximation
to show how we can reproduce our findings with simple as-
sumptions on the distribution of gas and dust in the disk.
In the second one, we take advantage of the Bekki (2013,
2014a,b) model to follow the e↵ect of ram pressure on the
various components of the ISM in a self-consistent way.

4.1 Analytical approximation

The basic assumption behind our analytical approach is that
all three components of the ISM are fully stripped by ram
pressure up to the same stripping radius. Thus, to determine
how a galaxy would move in Figs. 2 and 4, we simply need to
estimate how much mass is left within the stripping radius.

For the Hi distribution we assume the functional form
presented in Hewitt et al. (1983) by studying a sample of
fifty-two nearby galaxies mapped with the Arecibo tele-
scope:

⌃HI(r) = 3e
�r2

R2
0 � 1.8e

�r2

0.23R2
0 (1)

and fix R0 equal to the optical radius. The double Gaussian
shape is used to reproduce the central depression in the Hi
surface density profile, where most of the gas has already
condensed into molecules, as typically observed in late-type
galaxies (Leroy et al. 2008).

Conversely, we consider an exponential surface density
distribution for both dust and H2

⌃(r) = ⌃(0)e�r/Rd (2)

with Rd(dust)=Ropt/3.2 (i.e., the dust follows the stel-
lar mass distribution) and Rd(H2)=0.2Ropt (Schruba et al.
2011).

In the ideal case where all the material outside the strip-
ping radius (Rstrip) is removed by ram-pressure, we can de-
termine the reduction in the mass of each component after
stripping as

Mafter

Mbefore
=

R Rstrip

0
2⇡r⌃(r)drR1

0
2⇡r⌃(r)dr

(3)

For the atomic hydrogen this gives

Mafter

Mbefore
= 1� 1.16e

�
R2

strip

R2
0 + 0.16e

�
R2

strip

0.23R2
0 (4)

whereas for dust and H2

Mafter

Mbefore
= 1� (1 +

Rstrip

Rd
)e

�
Rstrip

Rd (5)

Taking advantage of Eqs. 4 and 5, we can now determine
how a galaxy will shift in Fig. 4, depending on the size
of the stripping radius. We assume the best-fitting linear
relation for Hi-normal galaxies as the reference in case of
unperturbed systems and consider values of Rstrip in the
range 0.3-2 Ropt (0.2 wide steps). We also consider an aver-
age molecular-to-atomic fraction of ⇠27%, i.e., the average
value for our Hi-normal galaxies.

The expected shifts in the M(gas)/M(dust),
M(HI)/M(dust) and M(H2)/M(dust) ratios for dif-
ferent stripping radii are presented in the top panel of
Fig. 5. It emerges that, under the simple assumptions
discussed above, we can quantitatively reproduce the
di↵erence between Hi-deficient and Hi-normal galaxies in
M(gas)/M(dust), M(HI)/M(dust) and M(H2)/M(dust)
ratios simultaneously, by assuming a typical stripping
radius for Hi-deficient galaxies of ⇠0.5 Ropt. For the Hi
component, this degree of stripping is in line with what is
observed in Hi-deficient galaxies in Virgo. Indeed, by taking
advantage of the data presented in Chung et al. (2009) (see
also Fig. 2 in Cortese et al. 2010a), it is easy to show that
DefHI >0.5 implies Rstrip <0.9 Ropt.

4.2 Bekki model

Although physically motivated, the analytical approxima-
tion described above is rather empirical and not self-
consistent. In particular, it does not take into account the
possible small increase of star formation due to gas com-
pression by ram pressure, and it naively assumes that ram-
pressure equally a↵ects all three ISM components outside
the stripping radius, which may not always be true (Pap-
palardo et al. 2012). Thus, in this section we compare our
findings with the predictions of the model developed by
Bekki (2013, 2014a,b). Although this model is not set in
a cosmological framework, it is the only model currently
available where the evolution of the three di↵erent phases is
followed in a self-consistent way. Cosmological simulations
do not include any prescriptions for the evolution of dust
grains, and they just assume a linear correlation between
gas-to-dust ratio and metallicity.

This model allows us to investigate spatial and tempo-
ral variations of gas and dust components (carbon and sili-
cate dust) in disk galaxies with di↵erent masses and Hubble
types. The code adopts the smoothed-particle hydrodynam-
ics method to follow the time evolution of gas dynamics in
galaxies.

An extensive description of the model is provided in
Bekki (2013, 2014a,b), here we briefly summarise its main
features. A disk galaxy is modeled as a fully self-gravitating
system composed of dark matter halo, stellar and gaseous
disks, and stellar bulge. Although we investigated numerous
models, we show only five representative models with dark
matter halos of 10, 5, 3.3, 1 and 0.33⇥1011 M� and disk
stellar masses of 5.4, 2.7, 1.8, 0.54 and 0.18⇥1010 M�. We
will explore other models, and their implications on dust
and gas evolution in cluster environments in a future paper.

The gas disk is assumed to have an exponential profile

MNRAS 000, 000–000 (0000)

Stripping: CO<Dust<HI
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Current Challenges

6

Number statistics our main limitation! 
Representative samples limited to ~300 (H2/dust) - ~1000 (HI) galaxies

Identify `physically-driven’ relations

Most of the comparison with theory 
(as well as environmental studies)

based on relation with stellar mass

Isn’t this just “bigger galaxies have more gas/dust”?
Remember nice plot by Kennicutt 1990

Extend ISM environmental studies outside clusters 

Virgo/Coma-like systems extremely rare.
Impossible to extrapolate these studies to groups/pairs.

CO luminosity
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For HI we can make progress now

7

Fabello+ 2011

extract HI spectra at 
known coords, z

align in velocity, co-
add & measure

Commonly used for cosmic HI density (Lah+ 2007, 2009; Rhee+ 2013)

Even more powerful in the context of gas scaling relations (Fabello+ 2011, 2012; Brown+ 2015)

The power of stacking and ALFALFA HI observations
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Primary vs secondary dependencies
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Gas content primarily related with color/SSFR, not stellar mass

Brown, Catinella, LC+ 2015

NUV-r bins Stellar mass bins

Dissecting gas scaling relations with ~25000 galaxies

⤳!!SFR/M✶≈
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Stellar mass is not the king
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The gas fraction-M* slope mainly a consequence of galaxy bimodality

LOW MASS, SF
GAS-RICH

HIGH MASS, not SF
GAS-POOR

Brown, Catinella, LC+ 2015

Not the best observational constraint to theoretical models
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Tracing HI stripping across environments

10

Pairs

Clusters
Pairs

Clusters

Gradual decrease of gas content with group size: i.e., no threshold

Reduction of gas fraction also at fixed SSFR 
HI removed faster than SF quenched! => stripping!

Brown, Catinella, LC+ in prep.

Satellite galaxies binned by halo mass
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Summary (I)
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ISM scaling relations

When it comes to cold gas, M* is not the king

Statistical evidence for fast and direct gas stripping from pairs to clusters

Challenges

Need large number statistics to do this with detections.
H2 and dust studies (in the local Universe) suffering the most
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Dynamical scaling relations for galaxies of all types

Giovanelli et al. 1997

Allanson et al. 2009

Tully-Fisher (1977) relation
Pure disks

Gas rotational velocity
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Faber-Jackson (1976) relation
Spheroids
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Dynamical scaling relations for galaxies of all types

Giovanelli et al. 1997

Allanson et al. 2009

Tully-Fisher (1977) relation
Pure disks

Gas rotational velocity
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Stellar dispersion velocity

Faber-Jackson (1976) relation
Spheroids

Average galaxy is neither a pure disk or spheroid

                                      

Kelvin et al. 2014

All
LSB
E
S0-Sa
Sab-Scd 
Sd-Irr
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Mass-Specific Angular momentum-Morphology plane

13

Visual morphology

Romanowsky & Fall 2012 Obreschkow & Glazebrook 2014

Galaxies distributed along a M*-j relation
Scatter related to morphology - i.e., balance between random and ordered motions
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See http://sami-survey.org for details and first DR!

The SAMI Galaxy Survey

•IFU survey of ~3400 nearby galaxies
(2800 field/groups - 600 clusters)

•SAMI instrument at AAT (12 gal/obs.)

•Selection by M*(107.5-1011.5 M�) and z (≲0.1)

•Kinematics for both gas and stars!

•>1750 galaxies already observed

The SAMI Galaxy Survey: Early Data Release 5

Figure 3. Example SAMI data for the galaxy 511867, with z = 0.05523 and M⇤ = 1010.68M�. Upper panel: flux for a central spaxel (blue) and one 3.0075
to the North (red). Lower panels, from left to right: SDSS gri image; continuum flux map (10�16 erg s�1 cm�2 Å�1); stellar velocity field (km s�1); H↵
flux map (10�16 erg s�1 cm�2); H↵ velocity field (km s�1). The two velocity fields are each scaled individually. For the stellar velocity map, only spaxels
with per-pixel signal-to-noise ratio >5 in the continuum are included. Each panel is 1800 square, with North up and East to the left.

Figure 4. As Fig. 3, for the galaxy 599761 with z = 0.05333 and M⇤ = 1010.88M�.

c� 0000 RAS, MNRAS 000, 000–000

http://sami.org.au
http://sami.org.au
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Stellar spin to trace morphology

15
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Visual morphology Sersic Index

Stellar spin parameter λR

The scatter of M*-j* relation 
correlates with morphology

Gives us info on the balance 
between ordered and random

motions

Note: this is just within 1 re! 
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Stellar spin to trace morphology
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The SAMI view of the M*-j*-n plane
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We can look at all this as a plane
linking Mass - morphology - angular momentum

(scatter <0.1dex)

LC+ 2016b

Spin correlated with morphology
but relation not linear!

Kinematical classification
better separates rotation-vs-dispersion

in bulge-dominated systems 
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Projection of the plane that minimises scatter 

Tully-Fisher Faber-Jackson S0.5

j ∝λR M✷
a M✷ ∝ [R (V2+σ2)0.5]1/a



L.Cortese -The Interplay between global and local processes in galaxies - April 2016 17

Projection of the plane that minimises scatter 

Tully-Fisher Faber-Jackson S0.5

j ∝λR M✷
a M✷ ∝ [R (V2+σ2)0.5]1/a

Different dynamical scaling relations as projections of M-j-spin plane
 

Combining contributions of random and ordered motions key 
for unified scaling relation including all galaxy types

Scatter (0.1dex) similar to pruned TF and FJ relations

LC et al. 2014 S0.5=(0.5V2+σ2)1/2

Text

Tully-Fisher Faber-Jackson S0.5
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Summary (II)

Challenges

Current IFS studies mainly limited to 1re... need to go to larger radii
We should also look at baryonic dynamical scaling relations: need HI!

Dynamical scaling relations - SAMI

IFS surveys: investigate scaling relations for all galaxy types at once 
→ the M*-angular momentum - spin/morphology plane possible way to unify galaxies
→ TF/FJ/S0.5 relations can be seen as different projection of the same plane
→ Chance to move towards a more physically motivated morphological classification

Critical to move beyond pre-pruning by morphology, SF, etc.
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The SAMI Galaxy Survey: Early Data Release 5

Figure 3. Example SAMI data for the galaxy 511867, with z = 0.05523 and M⇤ = 1010.68M�. Upper panel: flux for a central spaxel (blue) and one 3.0075
to the North (red). Lower panels, from left to right: SDSS gri image; continuum flux map (10�16 erg s�1 cm�2 Å�1); stellar velocity field (km s�1); H↵
flux map (10�16 erg s�1 cm�2); H↵ velocity field (km s�1). The two velocity fields are each scaled individually. For the stellar velocity map, only spaxels
with per-pixel signal-to-noise ratio >5 in the continuum are included. Each panel is 1800 square, with North up and East to the left.

Figure 4. As Fig. 3, for the galaxy 599761 with z = 0.05333 and M⇤ = 1010.88M�.

c� 0000 RAS, MNRAS 000, 000–000
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Thank you


