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EFFECT OF THE ENVIRONMENT

Star-formation quenching via:	
!

• Ram-pressure stripping	
• cold gas	
• hot gas halo	

• Winds and 
“overconsumption”	

• Truncation of gas inflow 
from cosmic web

Morphological 
transformations via:	
!
!

• “Harassment”	
• Tidal interactions with 

cluster	
• (Mergers?)	
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Orbits and timescales may help disentangle these effects



APPROACH
Use location in projected-phase space (PPS) as a clock	

c.f. Gill, Knebe & Gibson 05, Mahajan, Mamon & Raychaudhury 11, Muzzin+14	

• Compare data in PPS - Rproj and Vlos - with N-body orbits	

• PPS range includes infalling pre-processed galaxies and groups to be compared with 
post-processed gals observed at the same time	

• Build simple models in which quenching or transformation occurs some delay time 
after  infall	

• Fit all galaxy populations simultaneously now:	

• (different from e.g. Wetzel et al. approach)	

• Allows us to isolate the effects of infall into most massive structure
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N-BODY SUBHALO ORBIT 
LIBRARIES
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Fig. 5.—Nondimensional trajectory \(£) for a fluid particle in the collisionless infall similarity solution. The dimensional radius is r = Xrta(r), where 
rta oc /8/9 current, time-varying turnaround radius; the abscissa is £ = In (7//ta). The particle reaches its maximum radius at t = tta, r = rta(rta), or 
£ = 0, X = 1. Note the many oscillations as £ -> oo ; each is an orbit passing through the center X = 0. 

(i.e., the exact self-similar solution has particles turning around 
beginning at /ita = 0, while a nonzero starting time must be 
used for numerical integrations), this time span resulted in 
mass and energy errors of several percent, but using more 
points proved too costly. A modification of the integration 
scheme which gave greater accuracy at less expense will be 
discussed below. The mass was obtained from equation (4.3), 
using cubic splines interpolation to obtain the intersection 
points . About 10 iterations were calculated, by which time 
A(£) was changing by less than 1% per iteration. The nondi- 
mensional trajectory is shown in Figure 5. When the particle 
passes through the center, it moves immediately again to 
X > 0, explaining the many reflections of the trajectory at 
X = 0. Figure 5 shows that as the turnaround radius continues 
to increase, the maximum radius of the particle in its orbit 
becomes relatively smaller. This does not necessarily imply 
that the absolute radius of the orbit decreases; this point is 
important and will be discussed below. Since the abscissa is a 
logarithmic time scale and, as we will see, the orbit period 
approaches a constant after many orbits, the orbits become 
increasingly compressed for large £. 

The particular nondimensionalization of the trajectory 
adopted in Figure 5 is useful because X(¿) may be interpreted 
as giving either the nondimensional trajectory for a single 
particle or the radius of different particles at a fixed time, with 
£ being a Lagrangian variable. This dual interpretation shows 
how the solution gives the simultaneous position and motion 
of every particle. Position and velocity information is best 
expressed in the phase-space diagram, Figure 6, which graphs 
d\/di; versus log X. The dimensional velocity of a particle is 
obtained (using the definition of X in eq. [2.9]) from 

v = Há!lv{0! FU)=^| + |X. (4.4) 

Like Figure 5, Figure 6 has two interpretations. The first is 
that of a fixed particle moving along the phase curve, begin- 
ning at X=l,dX/d^ = — 8/9. It moves to the left along the 
first branch until X = 0, and then it reappears at the upper 
left-hand comer of the figure after crossing through the center. 
The particle traces successive branches on successive orbits. 
This interpretation must be applied carefully because X is not 
the tme radius of the particle; e.g., even if it remains at fixed 
r, the particle will follow a path JX/J£=-(|)X (cf. eq. 
[4.4]). The second interpretation is clearer and more useful: 
Figure 6 shows the range of particle positions and velocities 
present at a fixed time. It illustrates the phase-mixing that 
occurs during collapse and subsequent infall: every point of 
the phase curve is occupied by some particle in the similarity 
solution. It should be emphasized that two-body collisions 
have not contributed at all to the phase-mixing, since we are 
considering a continuous fluid of collisionless particles; rather, 
successive shell-crossings by particles at different phases in the 
orbits have filled the phase space. An interesting point is that, 
so long as the evolution remains self-similar, this phase-space 
diagram does not change, since every new particle follows the 
same trajectory after turning around. Of course, the figure 
applies only after enough orbits have occurred to populate the 
branches shown here. Many orbits (an infinite number) have 
branches not shown in Figure 6, but only a limited region of 
phase space can be occupied in any real physical system of 
finite age. Although the similarity solution traces a smooth 
curve in the phase-space diagram, finite velocity dispersion, 
angular momentum, and, eventually, two-body encounters will 
lead to the filling of whole areas of the phase plane. 

The nondimensional mass distribution M(X) derived from 
the self-similar trajectory X(£) using equation (4.3) is shown 
in Figure 7 and is tabulated in Table 4. For X > 0.364 no 
shell-crossing occurs, and M is the same as that given in 
Figure lb for cold accretion. The mass dips at every maxi- 
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N-BODY SUBHALO ORBIT 
LIBRARIES

• Note t=0 
means 2.5 rvir 	

• Mhost >1014	

• Msat > 1011.9	

• MultiDark N-body
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or “2nd turnaround”

Oman, MH, Behroozi 13



ORBIT LIBRARIES IN PHASE 
SPACE
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Fig. 6.—Phase-space diagram for the collisionless infall similarity solution. The nondimensional velocity of a particle is K(£) = d\/d£ + (8/9)X, where 
X is the nondimensional radius (eq. [2.9]). Each branch of the phase curve corresponds to a single orbit in Fig. 5. A particle travels along the entire curve 
after first turning around; equivalently, at a fixed time all portions of the curve are occupied by different particles. Only a small portion of the phase plane 
is shown here to avoid excessive cluttering. 

Fig. 7.—Nondimensional mass distribution in the collisionless infall 
similarity solution. For A 1, M cc X3/4. Units are provided by eqs. (2.9) 
and (3.2). 

mum Xk in the trajectory (Fig. 5), since at these turning points 
the mass is reduced by shell-crossing. It will be shown below 
that the density becomes infinite at the \k, which are thus 
caustic surfaces. The magnitude of the decrease in mass di- 
minishes the higher the order k of the caustic {k increases 
with £ in the trajectory) since, as argued above, the nondimen- 
sional mass decreases as e-(2/3)* along the trajectory. Only 
the first few caustics are evident in M(X), although they show 
up more readily in the density. 

The most important result shown in Figure 7 is probably 
not the presence of caustics, but that M approaches a power 
law for X<^1. The numerical results show that 

M*11.2X3/4, D « 2.79A.-9/4, A«:l, (4.5) 

TABLE 4 
Mass and Density Distributions in the Collisionless 

Infall Similarity Solution 

where the nondimensional density D follows from differentiat- 
ing M in equation (4.6) below. The power-law behavior agrees 
with equation (3.12), which was shown in § III to hold for a 
y > 4/3 collisional gas. Indeed, one may see by comparing 
Figures 7 and 8 with Figure 2 that, provided the caustics are 
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mum Xk in the trajectory (Fig. 5), since at these turning points 
the mass is reduced by shell-crossing. It will be shown below 
that the density becomes infinite at the \k, which are thus 
caustic surfaces. The magnitude of the decrease in mass di- 
minishes the higher the order k of the caustic {k increases 
with £ in the trajectory) since, as argued above, the nondimen- 
sional mass decreases as e-(2/3)* along the trajectory. Only 
the first few caustics are evident in M(X), although they show 
up more readily in the density. 

The most important result shown in Figure 7 is probably 
not the presence of caustics, but that M approaches a power 
law for X<^1. The numerical results show that 

M*11.2X3/4, D « 2.79A.-9/4, A«:l, (4.5) 

TABLE 4 
Mass and Density Distributions in the Collisionless 

Infall Similarity Solution 

where the nondimensional density D follows from differentiat- 
ing M in equation (4.6) below. The power-law behavior agrees 
with equation (3.12), which was shown in § III to hold for a 
y > 4/3 collisional gas. Indeed, one may see by comparing 
Figures 7 and 8 with Figure 2 that, provided the caustics are 
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ORBIT LIBRARIES IN PHASE 
SPACE
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ORBIT LIBRARIES IN 
PROJECTED PHASE SPACE

9 Oman, MH, Behroozi 13



INFALL PDFS IN PHASE SPACE

Oman, MH, Behroozi 13
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SDSS QUENCHED FRACTION
SDSS data stacks:	

• 625 von der Linden clusters:   
M ~ 1014-1015	

• 500,000 satellites	

• sSFR from Brinchmann/Mendel	

• Split into passive and active	

• Plot passive fraction in PPS

Fit parameters:	

• quenching delay time	

• g-g spread in delay time 
(small)	

• passive fraction after 
quenching (100%)	

Oman & MH 2016
11



DATA AND MODEL



QUENCHING TIMESCALE
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pericentre
rvir

Oman & MH 
2016



COLOURS OF BULGES AND DISKS IN 
CLUSTERS

Bulges red, but colours show no cluster-centric dependence	
Disks bluer, show a strong cluster-centric effect	

MH, Stevenson et al ’10

field

rproj/r200

Bulges
Disks
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SDSS QUENCHED FRACTION

Quenching 
times from 
disk colours	

!
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MORPHOLOGICAL 
TRANSFORMATIONS

• If disk fades due to quenching, then B/T increases	

• This fading-induced shift in B/T might be 
interpreted as a morphological change.	

• Our model allows for disk fading and measures 
additional morphological changes
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Data

No change
Disk fading

Mehmood, MH & Oman in prep

MORPHOLOGICAL 
TRANSFORMATIONS
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Data in 
virialized 
region	
have a small 
excess of 
bulge-
dominated 
and a deficit 
of disk- 
dominated	
galaxies



MORPHOLOGICAL 
TRANSFORMATIONS
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FUTURE
• Other parameter ranges / environments  	

• Satellite mass: lower mass systems more sensitive to environment	

• Host mass: groups (e.g. Yang)	

• Use more physical variables (than “time since infall”)	

• distance of pericentre	

• maximum ram pressure	

• Combine with weak lensing to measure tidal stripping of DM subhalos in PPS	

• CFIS + SDSS/DESI
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AGES OF RED GALAXIES AS A 
FUNCTION OF MASS AND RPROJ

Smith, R. J. et 
al. 2012 
MNRAS,	
arXiv	
1108.3836



QUENCHING TIMESCALE
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QUENCHING TIMESCALE
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CANADA-FRANCE IMAGING 
SURVEY

r’ band	
• 5,000 sq. deg	
• 0.6 - 0.7 ” median seeing	
• r < 24.85 (5 sigma 2” diameter)	

• Dec. > +30 covering SDSS/
BOSS/DESI region lots of 
spectra (>30 m)!	

• group DM	
• satellites DM	
• LSS and filament DM	
• intrinsic alignments

u band	
!

• 10,000 sq deg	
• Science: metallicity of stars 

in halo	
• Also photo-z 	
   with Euclid	
!
!

The Canada-France Imaging Survey (CFIS) — 7/14

Figure 3. Figure of merit plots for the u (left panel) and r (right panel) components of CFIS, in comparison to
notable other relevant surveys. Left: Figure of merit for survey étendue (sky coverage + depth). Right: Figure of
merit for weak lensing. The horizontal axis shows the number of spectroscopic redshifts in the overlap region
between the imaging and spectroscopic surveys. The vertical axis shows the surface number density of sources (per
square arcminute) scaled by a correction factor for the depth of the imaging and the depth of the spectroscopic
survey. The figure of merit is the product of these. Note that CFIS+DESI is off to the right of this plot!

Figure 4. This LePhare simulation based on real galaxy SEDs and
density from COSMOS illustrates the gain in quality for Euclid
photometric redshifts (ground-based broad bands + Euclid space VIS,
Y, J, H bands) when adding the CFIS-LUAU shallow u-band data (U)
to the nominal GRIZ (g, r, i, z) set (where r, a critical band for Euclid,
is itself provided by CFIS-WIQD). The top panel shows the
dispersion in redshift accuracy (solid lines), with the Euclid reference
accuracy (0.05) shown by the dashed line. The bottom panel shows
the catastrophic failure fractions, where the Euclid requirement is
⇠10%. The gain at low redshift from adding u-band is particularly
striking, with the z<0.6 population representing 32% of the objects in
the entire redshift range (Figure 5).

Figure 5. Redshift distribution of all simulated galaxies with Euclid’s
VIS (a r+i+z super broad filter) <24.5 (the Euclid reference
population for lensing), based on multi-band COSMOS data. The
solid line (black) indicates the number of galaxies per square
arcminute in each redshift bin (width 0.1). The dashed orange line is
the integrated count of galaxies beyond a given redshift: there are 30
galaxies per square arcminute detected based on the sole criteria of
riz<24.5 when considering the entire redshift range.

26



TIDAL STRIPPING IN PPS



SUMMARY
• Galaxy disks start to quench soon (<1 Gyr) after pericentre	

• Weak dependence on satellite mass	

• No obvious dependence on host mass	

• Similar quenching timescales whether estimated by emission lines or colours of disks	

• Suggests ram pressure stripping	

• But then why longer times for smaller mass galaxies? Incomplete stripping?	

• Morphological changes follow after the quenching by a Gyr or so (<2 Gyr after pericentre)	

• “Harassment”?	

• Still work in progress ….

28


