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ABSTRACT

We consider what can be learnt about the processes of gasiancnd depletion from the
kinematic misalignment between the cold/warm gas and stéwsal early-type galaxies. Us-
ing simple analytic arguments and a toy model of the proceiss®lved, we show that the
lack of objects with counter-rotating gas reservoirs gipconstrains the relaxation, deple-
tion and accretion timescales of gas in early-type galaSéandard values of the accretion
rate, star formation efficiency and relaxation rate are motlkaneously consistent with the
observed distribution of kinematic misalignments. To oefurce that distribution, both fast gas
depletion (4, < 108 yr; e.g. more efficient star formation) and fast gas destinde.g. by
active galactic nucleus feedback) can be invoked, but Hethraquire a high rate of gas-rich
mergers & 1 Gyr—!). Alternatively, the relaxation of misaligned materialitth happen over
very long timescales 100 dynamical times ors 1-5 Gyr). We explore the various physi-
cal processes that could lead to fast gas depletion andiwrgas relaxation, and discuss the
prospects of using kinematic misalignments to probe gasatccretion processes in the era
of large integral-field spectroscopic surveys.

Key words. galaxies: elliptical and lenticular, cD — galaxies: evmat— galaxies: ISM —
ISM: molecules — ISM: evolution — galaxies: kinematics agdamics

1 INTRODUCTION 2004). The majority of the stars in current-day ETGs wereaaly
in place atz = 2 (e.g.[Bower, Lucey & Ellis 1992; Thomas et al.
2005), suggesting that some of the physical processed h&iave
have kept them relatively gas-free ever since.

Nevertheless, a small proportion of ETGs do have cold gas
and associated star formation, consistent with a receehezgtion
of their gas reservoir_(Young etlal. 2014). Such low levelvitgt

In all its forms, gas is one of the most important drivers dagg
evolution. The availability of cold gas (atomic and molesireg-
ulates star formation, and thus the evolution and fate abges,
from the beginning of the universe to today. Many factorecifthe
supply and removal of gas. Some processes allow gas to flaw ont
galaxies and form stars (e.g. cold accretion, mergers,diotdool- -
ing and stellar mass loss; €.9. Keres ét al. 2005; Parriottey@an has been found to contribute up-to 30% of the mass of some ETGs
2008] Bauermeister, Blitz & Ma 20/10), while others competest sincez = 1 (e.g.Kavire 2014).

move, destroy, and/or prevent gas accretion (e.g. steithaative A great deal of work has in fact been done in recent
galactic nucleus (AGN) feedback, outflows, the developréhbt years to quantify the amount of gas present in the ETG pop-
halos and virial shocks; e.g. Silk & Rées 1998: Birnboim & Bek  ulation. Studies of statistically complete samples havewsh
2003; Croton et al. 2006). The balance reached by thesegmese that ~ 25% of ETGs have> 107 Mg of cold molecular

determines if a galaxy forms stars throughout its life, oit ife- gas (e.g._Combes. Young & Bureau 2007; Welch, Sage & Young
comes a gas-starved “red and dead” object. Understandespth 12010;/ Young et al. 2011), whiles 40% have sizeable atomic gas
processes is thus vital to further develop theories of gatsolu- reservoirs & 10" M) (e.g. Morganti et al. 2006; Sage & Welch
tion. 2006; | Serra et al. 2012). Dust is also present in a large frac-
One laboratory where we are able to study these processes ation of ETGs (e.g._Smith et al. 2012), and the presence of gas
work is gas-rich early-type galaxies (ETGs; ellipticalsl denticu- has been inferred from low-level residual star formatiorg.(e
lars). ETGs typically have red optical colours, forming adrse- Knapp et all. 1989: Yi .et al. 2005; Kaviraj etal. 2007: Salim &R
quence” in optical colour-magnitude diagrams (¢.q. Baddral. 2010; Temi, Brighenti & Mathews 2009; Shapiro et al. 2010).

A quenched object has only two paths by which to rebuild
its cold ISM: an internal one (cooling of material lost fronars
* E-mail: t.davis4@herts.ac.uk during their evolution) and an external one (wet mergerkl ao-
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cretion, and/or cooling of hot/shocked accreted gas)ld&talass 12 460
loss must of course always be present, but the cold gas dete . 10 Virgo = J45 2
tion rate smaller than unity suggests that the majority eflat 3 8 1 0
ejecta does not cool but rather remains warm or hot (e.dingptt E 6 130 %
at the virial temperature of the galaxy; e.g. Parriott & Brem z 4 J15~
2008). Various observational studies have suggested ibagx- % ~ - rza 30 Q!
ternal channel dominates in field environments. The eviddac 30 1

this comes from the large fraction of gas-rich ETGs that aoe-m 5 Field 30 &
phologically disturbed in deep imaging (elg. van Dokkum®00 < 20 4200
Duc et al.| 2015), the presence of young kinematically delealp g 2 1 %
cores in IFU surveys (e.§. McDermid el al. 2006), the orddrs o = 'O} 7 TO/\?
magnitude surplus of interstellar medium (ISM) compare@xeo 0k P = 0 =

pectations from stellar mass loss (&.9. Merluzzi 1998; Kretmal. 60 90 120 150 180

1989; Rowlands et al. 2012; Kaviraj et al. 2012), the largeap Voo ator (deQ)

of gas-to-dust ratios within their cold ISM_(Smith et al. 201 K

Davis et al! 2015) and the kinematic decoupling of the cold an Figure 1. Distribution of kinematic misalignment between gas andssita

ionized gas from the stars (Sarzi etlal. 2006; Davis €t al1201  the ETGs of the ATLASP sample. lonised gas is shown in solid colours

Katkov, Sil'chenko & Afanasiey 2014) and molecular gas as the shaded histogréiop: Virgo cluster galaxies.
In this paper we consider how gas accretion and depletion af- Bottpm panel: Field and low-density environment galaxies. Adapted from

fect this last piece of observational evidence: the kinetcou- Davis etal |(2011a).

pling of the cold and ionized gas from the stars. In Sedfione2 w

discuss how the observed distribution of angles betweempithe

jected angular momenta of the gas and stars can be usedwatsti 2.2 Depletion timescale

the gas-rich merger rate of ETGs and the time taken for gas to b

depleted. In Sectionl 3 we use a simple model to show that there

is tension between these estimates and other observafiendis-

cuss how to reconcile the two in Sectidn 4 and conclude briefly

Sectiorb.

Although its importance was not recognised at the time, aféay
ture of the histograms presented in Figlie 1 is the absenee of
peak at a kinematic misalignment1#0° for field galaxies. A kine-
matic misalignment generally traces a morphological rigeahent
(Krajnovic et al[ 2011), and structurally-misaligned gasa fast-
rotating ETG (one with a clear disc structure) should beddigzack
to the equatorial plane over time. This is primarily becahsadisc
gravity provides a substantial torque toward the plane tewduse
gas dissipation prevents long lived precession of the gserveir
2 ACCRETION AND DEPLETION TIMESCALES (TOh'lne Simonson & Caldwell 1982) To first order this redtion
should occur symmetrically, with only the initial accretiangle

2.1 Origin of thegas determining if the gas relaxes to be exactly co- or courdtating,
although stellar mass loss (co-rotating by definition) $thoteate a
drag on any misaligned material (including that &0°). The peak
of galaxies with kinematically-aligned gas (@tzas—stars| = 0°)
is thus likely caused by a combination of this relaxatiorcess for
externally accreted gas, drag from stellar mass loss, awiglaan
internal origin (i.e. cooled stellar mass loss itself). Bytrast, the
bin at180° should contain only relaxed externally-accreted gas.

Assuming we are not observing local ETGs at a special epoch
in their evolution, the absence of a peak at a kinematic ngisal
ment anglgygas—stars| = 180° in Figure[1 thus implies that the
externally-accreted gas is depleted on a timestalg (equal to
the gas survival timescale,,) shorter than the torquing timescale
ttorque, irrespective of the depletion process.

Previous studies of the relaxation of gas discs in ellip-
tical galaxies were conducted to understand the dynamics of
gaseous polar rings. Tohline, Simonson & Caldwell (19829 an

: i T - - Lake & Norman 1(1983) considered relaxation in both axisym-
no kinematically-misaligned galaxy in the Virgo cluster (tbely metric and triaxial halos, and found that in either case the

cluster surveyed by ATLA®), implying that external accretion alignment process typically takes a few dynamical timeg.).
of cold gas is shut off in dense environments. Conversellgast Lake & Normahl(19€3) found that

half of the galaxies in the field have acquired their molecular gas
externally. The same applies to ionised gas probed throptibad
emission lines, that can be detected in some cases in oljéhts
ionised gas masses as low=asl0® M. This results in a higher wheree is the ellipticity of the potential. For a typical bulge in
detection rate overalb( % for ionised gas versuz2% for molecu- a lenticular galaxye ~ 0.2 (Mendez-Abreu et al. 2008), thus
lar gasi Sarzi et &l. 2006; Young eflal. 2011) and thus betiaiber trorque A D tdyn.

statistics. As shown in Davis et al. (2013), the CO discs of the ATLERS

Davis et al. [(2011a) studied the kinematic misalignmeng (-
ference between the projected angular momenta) of the mialec
gas and stars in the complete, volume-limited ATIPRSurvey of
ETGs (Cappellari et al. 2011). Following Sarzi et al. (2006gy
assumed that gas that has cooled from stellar mass loss magsa
be kinematically aligned with those same stars. On the dthed,
material that has been accreted onto a galaxy from extesnatas
can have any angular momentum. Davis etlal. (2011a) fourtd tha
roughly two-thirds of the galaxies are kinematically akgnand
are thusconsistentvith an internal gas origin (i.e. stellar mass loss
and/or gas remaining gas from the galaxy formation). Oire-thf
the galaxies are kinematically misaligned andsttherefore have
acquired their gas externally (i.e. cold accretion and/fimommerg-
ers).

Most importantly, as shown in Figué 1, this behaviour \&rie
drastically as a function of environment. Indeed, thersseatially

tq
ttorquc ~ Tyny (l)



ETGs have typical radiR ~ 1 kpc, with rotational velocities at the
disc edges o¥.; ~ 200 km s~*. This therefore yields the follow-
ing constraint on the accreted molecular gas depletionsitale:

tdep = tsurv < ttorquc
< tdyn
~ €
< 2 R/ Viot
~ €
7
< 3x10"yr
~ 0.2
< 1.5x10%yr . %))

The estimate ., < 10® yr is surprisingly short. Indeed, if
the accreted molecular gas were to form stars at the samagate
observed in later-type disc galaxies (i.e. spiral galgxigéshould

be consumed on a timescale df2 x 10° yr (e.g. Kennicult
1998; | Bigiel et al.. 2011). Furthermore, the star formatidfi- e
ciency of normal ETGs i¢ower than that of spiral galaxies (e.g.
Kawata, Cen & H0 2007; Martig et ial. 201.3; Saintonge et al2201
Davis et all 2014), so if anything the depletion timescalmofec-
ular gas through star formation should be even longer in ETGs
According to the arguments above, the accreted gas observed
local ETGs must therefore be depleted at ld@stimes faster than
the star-formation consumption timescale. We discusstiigling
result in more depth in Sectibnh 4.

2.3 Accretion timescale

Combining the accreted molecular gas depletion (or suiviva
timescale with our detection rat&V{../Niot) yields a simple es-
timate of the accretion timescatg.., that is the time interval be-
tween successive accretion evemis: ~ tdep /(Ngas/Ntot)-

The overall molecular gas detection rate26f (Young et al.
2011) is an overestimate of the true value, as it includes
kinematically-aligned galaxies to which the current argatrdoes
not apply. Only kinematically-misaligned gas should berted.
About one-third of all the detected galaxies are kinemégica
misaligned, but this is an equally misleading (under)eaténsince
we know that accretion does not take place in dense envinotsme
(Davis et all 2011a). Indeed, the detection rate of kineraHy-
misaligned gas in the Virgo cluster is essentially nil, efifeely
yielding an infinite gas accretion timescale. The right dioa rate
to use is therefore that of kinematically-misaligned maolacgas
in the field (and low-density environments such as groupkg T
overall molecular gas detection rate in the fielé4$; (Young et al.
2011), and roughly half of this gas is kinematically-migakd
(Davis et all 2011a), yielding a relevant detection ratezof4%.
The molecular gas accretion timescale is therefore

tdep

Nga:
(e

tacc

)|ﬁeld

tdyn / €

Ngas
(N

1.5 x 108 yr
0.14
10° yr .

A

)|ﬁeld

A

< (3)

Our estimate therefore suggests that local ETGs in the field
accrete molecular gas from an external source at least aecg e
gigayear R... = 1 Gyr—'). We discuss this estimate further, and
compare it with those of other studies, in Secfibn 4.

Gas accretion/depletion timescales in ETGS3

Interestingly, the overall detection rate of diffuse i@idsgas
emission (K8 and/or [Olll] emission lines) in the ATLA® sam-
ple is61% (Sarzi et al., in prep). As Davis etlal. (2011a) showed
that the ionised and molecular gas are always kinematicditiyned
and therefore must share a common origin, we can in principle
place the molecular gas detection rate used in EquBtion Baty t
for the ionised gas. The ionised gas detection rate for fialabges
in ATLAS?P is 68%, with roughly half kinematically-misaligned,
so the relevant detection rate3i$%, roughly2.5 times higher than
that used above for the molecular gas. This in turn yieldspgeu
limit on the ionised gas accretion timescale for local fieldGS
that is2.5 times smaller, only$ 4 x 10% yr.

The relation between the gas phases in objects without de-
tectable cold gas is, however, unclear. In many objectsahiséd
gas is likely in an interface layer (ionised by old stars, AGN
or low level star-formation) around a atomic/molecular giésc
that has a low enough mass to fall below our sensitivity limit
This interpretation is supported by the similarity in thesalign-
ment histograms (Figuig 1). It is possible that this emissiould
be more nebulous, however, arising from the envelopes droun
evolved stars, and thus not be in a disc at all in some objétts (
this case, however, the ionised gas emission would have -to co
rotate with the stars). Given the above uncertainty thenedés of
Tohline, Simonson & Caldwell (1932) anhd Lake & Norman (1983)
may not apply (or, equivalently, the scaling factor may bigedi
ent), and the ionised gas relaxation time may be much lorger t
that for molecular gas. This would then yield larger estasdor
botht4e, andtacc. Given these uncertainties, in the rest of this pa-
per we favour the more reliable molecular gas estimatesttother
timescales in context.

3 ACCRETION MODELS
3.1 Toy modd

To validate and explore further the simple calculationsvabave
created a toy model. This model includes in a simple framkwor
the processes of gas accretion, relaxation and depletloeselare
characterised by three free parameters, respectivelydtretaon
rate (Racc, the number of gas accretion events per unit time), the
relaxation timescale {1.x; in units oftqyy), and the gas depletion
time (aep)-

We initialised the model at tim¢ = 0 with an arbitrary
number of gas-free, “red and dead” ETGs. These have realis-
tic luminosities drawn uniformly from a Schechter functicep-
resentation of the ATLA®’ K-band galaxy luminosity function
(Cappellari et dl. 2011). From this we calculate the maxinaim
cular velocity at which the gas can rotate by assuming thaxgal
ies follow the K-band CO Tully-Fisher relation of Davis et al.
(2011b). Molecular gas reaches beyond the turnover of tlatioa
curve inx 70% of ATLAS®P ETGs (Davis et al. 2011b, 2013), so
this should provide a good estimate of the rotation veloaftthe
gas at the edges of the gas discs for the bulk of the population

After each timestep we randomly select galaxies that will ac
crete gas, such that the average number of mergers per gaaxy
unit time is equal taRacc. In this simple modelR... is indepen-
dent of galaxy mass and morphology, which may not be true in
reality. We discuss this assumption further in Sedfich 4.3.

The amount of gas accreted is chosen randomly from the H
mass function of Young et al. (2011), that was fitted with a $au
sian at the high mass end, and was assumed constant below the
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Figure 2. Observed and modeledsHnass functions. The measured distri-
bution of H, masses from_Young etlal. (2011) is shown in black, with the
approximate completeness limit indicated by a dashed Tihe.(arbitrarily
normalised) H mass function used in the toy models is shown in red (see

Sectior 311).

completeness limit down to anzHnass ofl0° M, (see FiglR), as
predicted from semi-analytic models (€.0. Lagos &t al. R20R4-
moving the low-mass cutoff does not affect our results. We hs-
sume that after coalescence each one of our mergers resthis i
creation of a disc of Kl in the centre of the remnant, with a mass
that is drawn from the observed distribution. For this sienplodel,
we condense the complex time-dependent processes hagpenin
mergers, and assume that this final state is obtained iaskemusly.
We discuss these assumption further in Sedfioh 4.3.

0.6F Standard SFE 3

Roee = 0.4 Gyr™' | 4
tna\c)( = 50 tdyn _;

0.4B 3

0.5F

Fraction (¥ > 40°)

0.2F
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==

120

0.0k - . et
60 90
\I’gus—smr (deg)

150 180

Figure 3. Kinematic misalignment histogram of our reference modeys
ing the steady state kinematic misalignment distributgmey histogram) of
a model where the gas is depleted only by star-formation avittandard ef-
ficiency, and where the gas relaxessidynamical times. The accretion rate
required to match the observed detection rate is therGyr—!. The pa-
rameters used are listed in the figure legend. The ATHABata are shown
as a blue histogram, and should not be compared with the niodke
shaded region belov0°, where other processes that are not modelled here
may dominate (e.g. stellar mass loss), thus increasing uhber of de-
tected objects. Both histograms are normalised so the atealw> 40°

is equal to unity.

An additional free parametet {\cx) then sets the duty cycle over
which gas is destroyed. All the gas is instantaneously bloutrof
the model galaxy a timeéacn after it has been accreted. Clearly,
this highly simple model is not meant to capture in detailhighly
complex AGN feedback process, but it at least allows us ttoegp

We determine the radial extent of the gas, and hence the dy-in a simple manner its effect. Any process that removes gagén

namical time at its outer edge, by drawing uniformly from g-lo
normal fit to the observed distribution of molecular disciiréal
Davis et al.|(2013).

discrete event can be modelled by this formalism.
At the end of each timestep, we are thus left with the observ-
able gas mass and kinematic position angle of each galaxgowe

The angle at which gas is accreted onto galaxies is also cho-volve the kinematic misalignment angles with a Gaussianddén

sen uniformly, sampling the full range180°. If gas already exists
in a galaxy, the interaction between the two reservoirs gty
included by mass-weighting the resulting position angléhefgas
(thus lying between the newly accreted and old materialy. &3u
sumption about the exact form of this weighting does notnstip
affect our results (see Sectionk.3).

match the observational errors, and set a limit®f M to de-
fine objects that are detectable, this to match the obsensatf
the ATLAS®P survey (see Fid.]1; Young etlal. 2011). Each model
presented in Sectidn 3.2 includé&® simulated galaxies and was
run for 5 Gyr, although the misalignment distribution histograms
reach a steady state more quickly.

The relaxation of the gas is tracked at each timestep. The gas

relaxes at a rate that has a cosine dependance on the cuisent m
alignment angle (i.e. the rate increases as the disk apgmeedbe
galaxy plane, where the torque is higher), following therfalism

of [Tohline, Simonson & Caldwell (1982). The total time takien
relax is calculated such that the gas disc relaxes into treefrom

a misalignment 060° in a time t,c1.x. We note that adopting a
simpler form, where the gas relaxes linearly (i.e. by a#i ra-
dians in a time,1.x) does not affect the results of this paper. More
complex prescriptions for the gas relaxation are beyondtiope

of our analysis, but we expect any reasonable form to notlyndu
alter the results derived from these two cases.

Finally, we destroy a fraction of the molecular gas at eatie ti
step. In the first set of simulations discussed below, we shtmin-
clude only the effect of star formation on the molecular geéng
up ~ 10% of the gas per dynamical time, equivalent to the stan-
dard star-formation law derived from local star-formindagées
(Kennicutt 1998). In Section 3.2.3, we also include a vemgpie
model of gas destruction (such as that caused by AGN feejlback

3.2 Mode results
3.2.1 Reference model

In Figure[3, we present the misalignment histogram resyftiom
our reference model, based on our best current understaodin
the processes involved. This model uses only the standard st
formation law to deplete the gas, a relaxation time>of, (as
derived from the results of Lake & Norman 1983), and an amamet
rate of0.4 Gyr—* (calculated so the detection rate of kinematically-
misaligned objects in the model matches the observed iE&.
accretion rate is consistent with observations of the (mamal mi-
nor+major) merger rate estimated from other methods (seo8e
[4.7).

One should not compare the misalignment histogram pro-
duced by the model to the data within the shaded region in Fig-
ure[3 @ < 40°), as material produced by internal processes not
included in our model (e.g. stellar mass loss) will contréb(and
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Figure 4. As Figure[8, but for an enhanced star-formation efficiency of
(top panel) and 5 (bottom panel) times the standard value. The accretion
rates required to match the observed detection rate ar@thed6 Gyr—1,
respectively.

may dominate) here. Outside this region, clear discrepanaie
immediately obvious when comparing the reference model his
togram to the observed one (Hig. 3). First, almost all modkbgdes
(=~ 90%) lie in the exactly kinematically aligned and misaligned
bins (at0 and 180°, respectively). Second, the bins for kinemati-
cally aligned and misaligned gas contain approximatelyaequm-
bers of model galaxies. To produce an asymmetric histogoam,
therefore clearly requires another process that prefiatisnpro-
duces/preserves gas that is always kinematically aligriéd the
stars (or, conversely, preferentially removes gas thatrierkati-
cally misaligned). The reference model thus highlightpbieally
the points made in Sectign 2.2, that the standard relaxatidrgas
depletion timescales cannot reproduce the observed grisadint
histograms. In the sections below, we thus consider p@ssitiu-
tions to this problem.

3.2.2 Quicker gas depletion

As argued in Sectioh 2.2, a faster gas depletion time may be re
quired to understand the observed gas kinematic misalighhig-
tograms. We show in Figufd 4 a model where the star-formation
efficiency (SFE) has been increased by a factar @bp panel) and

15 (bottom panel) with respect to its standard value. Thiscase

Gas accretion/depletion timescales in ETG$H
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Figure5. Same as Figufd 3, but with our simple gas destruction ppieri
enabled (approximating AGN feedback). The assumed AGN dytie is
5 x 107 yr. The accretion rate required to match the observed detecite
is then5 Gyr—1.

quired to match the observed detection rate is inverselpqsro
tional to the gas depletion time, that is shorter depletiores re-
quire proportionally more accretion events per unit timastintain
the same detection rate. In these models with increased, 8REs
thus requires a merger rate of 6 Gyr ' to match the observed
detection rate. We discuss this hypothesis further in Seelil.

3.2.3 Gas destruction

In Sectior 2.R, we discussed the need to decrease the suiviea

of gas in ETGs. One mechanism that has become popular intrecen
years to quench ETGs is AGN feedback (&.g. Silk & Rees|1998;
Fabian 2012). In this paradigm, the central black hole isjecsig-
nificant amount of energy into the ISM, removing or destrgyiin

As described in Sectidn 3.1, we can include a simple feedpask
scription in our model, that blows all of the gas out of theagés
atimetacgn after the gas has been accreted.

We show the result of turning on this simple AGN feedback
prescription in Figurgl5. We use the same standard SFE aaxt rel
ation timescale as the reference model (Sedfion13.2.1) addi
tionally settacx = 10% yr. This is at the upper end of the range
10°%-108 yr that has been suggested in the literature for the typi-
cal AGN duty cycle (e.g. Soker etlal. 2001; Mazzotta et al.Z200
Hopkins et all 2006). We again adjust the accretion rate tixima
the observed detection rate of molecular gas. The AGN fesdba
prescription does lower the fraction of galaxies within tioe and
counter-rotating bins sufficiently to match the observeatifmtions.
However, it also requires a very high accretion rate (apprately
10 times higher than required in the reference model) to mdteh t
observed CO detection rate of kinematically-misalignejgcts.

3.2.4 Slower relaxation

An alternative explanation for the large fraction of modalax-
ies whose gas reservoirs have yet to relax is that this psoses

can be used to model any process that removes gas over tilne, noslower than usually assumed. Figlile 6 shows model runs assum

just star formation. Clearly, an order of magnitude inceeiasthe
depletion rate is required, over and above that expected frar-
mal star formation, before the distribution of misalignrzeim the
model can match that of the observations.

One drawback of this solution is that the accretion rate re-

ing a standard SFE for depleting the gas and a standard iaccret
rate 0of0.4 Gyr—! (so the detection rate in the model matches the
observed rate by construction, as in Secfion 8.2.1). Trexagbn
time is however increased @) and 80 t4yr, respectively, in the
top and bottom panels. These models show that the relaxatien
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Figure 6. Same as Figuid 3, but for a slower gas relaxatio20attop panel)
and150 (bottom panel) dynamical times.

Fast starbursts thus cannot be invoked to explain the sepied
tion times required here. Other potential physical medranithat
could remove gas include dissociation of Hy X-rays from the
ETGs’ hot gas halos, friction and/or shocks against kineraky-
aligned gas from stellar mass loss of the bulk (co-rotatgaaxy
stellar populations, and AGN feedback. Whatever the digplet
mechanism is, it needs to be very rapid.

The depletion timescale of 10° yr we estimated in Sec-
tion [2.2 is the same as the typical timescale over which cen-
tral supermassive black holes are active (e.g. Soker 2081 ;2
Mazzotta et al. 2002; Hopkins et/al. 2006). The energy inparnf
an AGN is observed to be expelling the gas from at least some
ETGs (e.g. NGC1266| Alatalo etial. 2011; Davis etlal. 2012),
hence we tried to include them in our toy models in a simple way
(see Sectioh 3.2.3). We then find that a duty cycleof0® yr is
sufficient to bring the model kinematic misalignments irelimith
the observed data.

The drawback of both fast depletion and/or destruction ef ga
is that the accretion rate required to match the observeecdet
tion rate is inversely proportional to the gas depletionetiriith
such small gas depletion/destruction timescales, a meagerof
~ 5 Gyr~! is required to maintain the detection rate as observed.
These timescales can also be used to constrain the likelhhanec
nism(s) supplying the gas. They rule out major mergers @hat
too rare), but as the accretion timescale becomes everesnthk
case for nearly continuous accretion becomes strongeracare-
tion of diffuse gas (rather than galaxies) along filamentg nmeed
to be considered. However, the large fraction of gas-riclk&ihat
are morphologically disturbed in deep imaging (€.9. van Hboi
2005%;| Duc et all. 2015) suggests that stars are also accrietegl a
with the gas, leading to the idea that minor mergers may datmin

would have to be much longer than normally assumed (by around over cold mode accretion (see e.g. Kaviraj et al. 2009.12011)

an order of magnitude) to reproduce the observed lack ofteoun
rotating objects. This solution has the benefit that it reesothe
need for an extremely large accretion rate, but it requidektianal
processes to slow gas relaxation. We discuss this furth&eix

tion[4.3.

4 DISCUSSION

In the sections above, we discussed the distribution ofrkati
misalignments between the gas and stars of local ETGs, and th
way in which it encodes information about the depletion azatex

tion timescales of the gas. We showed that the standard zas re
ation and depletion timescales from the literature caneytaduce
the observed misalignment histogram. We discuss belowilpess
solutions to this problem.

4.1 Gasdepletion and destruction

In Sectio 3.2, we showed that one can reproduce the @berv
kinematic misalignment histograms from ATLAS by increasing
the rate at which gas is consumed. According to this arguntieat

Interestingly, there is evidence of two separate recenbmin
mergers within such a short time interval in at least one ABEA
ETG galaxy, NGC4150. Indeed, Kaviraj et al. (in prepardtizave
shown that although this galaxy has a yourg 10® yr) counter-
rotating stellar core, presumably formed in a gas-rich mimerger,
the molecular gas currently present is co-rotating withkthi of
the stars, suggesting an even more recent accretion event.

In the currentACDM cosmology, the universe is (primarily)
hierarchical in nature, making galaxy mergers an esseatiadct
of galaxy formation and evolution. The gas-rich merger rate
z = 0is thus an interesting quantity to determine from the gas mis
alignment data, and to compare with that measured from ofirer
servations and simulations (e.g. Lacey & Cole 1993; Malledlle
2006; | Guo & White| 2008; Genel etlal. 2009; Lotz etial. 2011;
Bluck et al. | 2012;| Newman etial. 2012; Casteels etlal. 2014,
Rodriguez-Gomez et al. 2015).

The rate of gas-rich mergers derived here is somewhat higher
than previous estimates of the incidence of minor mergersir-
stancel, Lotz et al. (2011) presented a range of estimatds;cam-
pared it extensively with other samples. They estimatedta to
merger rate of).2 to 0.5 Gyr~! with 75% of these mergers be-
ing minor (mass ratios of 1:4 to 1:10). Theoretically, sasdsuch
as that of Hopkins et all. (2010) find a major+minor merger cdte

accreted gas observed in local ETGs would have to be depleted~ 0.2 Gyr~* for objects ofl0'* Mg, but predict that this merger

at leastl0 times faster than the standard star-formation consump-

tion timescale. Extreme starbursts have been observedéoshah
small depletion times (e.q. Mihos & Hernquist 1994), butdss
of ETGs (e.g. Saintonge et|al. 2012; Martig et al. 2013; Davl.
2014) show that their SFE is actually slightly lower than jpiral
galaxies (and therefore very much lower than in starburjgtots).

rate scales positively with galaxy mass. The more massilexiga
in our sample (with stellar masses abd@? M) are predicted to
have merger rates of up 9 Gyr~*, still below our estimate. To
make things worse, the estimates discussed above couneggt m
ers, not only those that are gas rich.

We thus conclude that although accretion rates as fast as tho



require here may be possible for individual objects, it ifkedy
that the average accretion rate in the universe is as highrasad-
els require.

4.2 Slow gasrelaxation

Another way to reconcile the observed kinematic misaligmsie
of ETGs with the theoretical predictions is to adopt a refiaxa
(i.e. torquing) timescale much longer than a few dynamiicaés.
This explanation is appealing, as it does not require highaga
cretion rates, but the possible physical processes slothiage-
laxation down are currently unconstrained. One possjhilitthat
the accreted misaligned gas simply precesses. This wouydddse-
ble if the accreted molecular gas were moving purely baihdiy,
as discrete molecular clouds can do, but it seems unlikelyhi®
complex multi-phase ISM characteristic of galaxies, anmbemlly
for the warmer more diffuse ionised gas.

If gas is accreted onto ETGs over long timescales, then the
continued addition of misaligned material could slow thiaxe
ation process. This could happen, for instance, if a gdsmierger
throws out long tidal tails of gas, that fall back slowly ouéene
(e.g.|Barnes 2002). Atomic gas tails are observed in a few ob-
jects (e.gl_Morganti et al. 2006; Serra etlal. 2012), but nahe
entire population of misaligned ETGs. Low-density tails,ac-
cretion of debris in hotter gas phases, could however beethiss
van de Voort et al! (2015) looked at this process in a hydratyin
simulation of a massive early-type galaxy. They found tlusttio-
ued accretion did indeed slow relaxation, as the angular emem
tum change induced by accreted gas dominates over thatddduc
by stellar torques. The total time taken for the disc to eéttthese
simulations was 80-10Qiyx, very similar to the timescale we esti-
mate in this work.

Another option is that the hot halos around galaxies have an
effect. Lagos et all (20114); Lagos et al. (2015) found that bt
halos around ETGs may be misaligned (either because of nserge
or continuous accretion from the cosmic web), and that tbigct
be the cause of the observed kinematic misalignment disiito.
These models make various assumptions that still need tetbe v
fied through hydrodynamic simulations, and they did notudel
any relaxation process, but it is clear that continued ngeet
cooling could extend relaxation times. In addition, if thet FSM

Gas accretion/depletion timescales in ETGs/

happens in gas reservoirs with small radial extents, ansl the
shortest dynamical times. Even an underestimation of tinamy
ical time by a factor of two in these objects (the largesteddhce
between the CO velocity and the circular velocity in objegith

small gas reservoirs; Davis et al. 2011b) would not helpmeide
the reference model and the observations.

The second assumption we make is tRat., and the amount
of gas accreted in each episode, is independent of galaxy amals
morphology. While this may be a reasonable first order apprax
tion, it is known that ETG’s follow a morphology-density agbn
(e.g..Dressler 1980), and interactions preferably happegroup
scale environments. We minimise the effect of any such biéss h
by only comparing the model to observed galaxies in field-envi
ronments. In addition, the typical merger mass-ratio masy \as
a function of galaxy mass, which will affect the typical amoof
gas brought in by each encounter. However, as the typicdraas
tion in observed ETGs does not seem to depend on galaxy mass or
environment/(Young et al. 2011) it is likely that this secaftbct
is small, and would not change our results significantly.

Our approach assumes that all of the gas brought in by the
merger is molecular. We do not model additionaldas, that may
be brought in by the merger and settle in a larger scale digc (e
Serra et al. 2012), and could convert tg blver longer timescales.
If significant radial mass/angular momentum exchange @agcur
these larger scale IHiscs could slow relaxation similarly to the
atomic gas tidal tails discussed above.

When gas is already present in a galaxy that experiences a new
accretion event, we mass weight the misalignment angle=afi¢iy
and old gas components to determine the resultant kinemmgic
alignment. In a real gas-rich merger complex processespiake
that we are unable to capture in such a simple model, but we do
not expect this simplification to have a major effect. Witloiar
model, when this situation occurs the median amount of textre
gas is an order of magnitude larger than the gas alreadyriresel
thus the correction typically changes the accreted anglenby a
small amount (a median change~of4°). Ignoring this correction
entirely, and instead forcing all the gas to rotate with tegvly
accreted material does not change our result.

We also assume that the radial extent of the gas in these ob-
jects is uncorrelated with its mass (and other galaxy ptasr We

of ETGs has a net angular momentum and can exert pressure on th €xpect this assumption to not unduly affect our results|tasagh

relaxing accreted gas, then gas relaxation would not be anggric
process, which would help explain the observed asymmeitmie- k
matic misalignment distribution. These solutions, howgerequire
the hot halos of galaxies to have significant angular moménta
will not be possible to observationally verify whether tha halos
of galaxies have any significant rotation, and/or if it ctates with
the rotation of the stellar body, until the X-ray satell§88TRO-H
launches (see e.g. Bianconi, Ettori & Nipoti 2013).

4.3 Modd limitations and associated uncertainties

The toy model we present in this paper makes various assomspti
that could potentially affect the results we derive, andthus dis-
cussed below.

We know from previous studies that the gas is not sufficiently
extended to reach the flat part of the rotation curve-ir0% of
ETGs (Davis et al. 2011b, 2013). In these cases our model will
overestimate the gas rotation velocity, and thus undenesti the
dynamical time, relaxing the gas too quickly. However, #iigays

a strong relation between the gas mass and size of atomiésgas d
exists (e.g. Broeils & Rhée 1997), any such relation for malker
gas is weak (Davis et al. 2013). We do, however, caution thatw
gas is accreted onto a galaxy with an existing cold gas resghe
interaction between the two discs could systematicallgcfthe
final radial extent of the settled gas disc.

In our simple model the SFE is a free parameter, but it does
not depend on galaxy properties. Gas-rich mergers in tHainea
verse seem to have increased SFEs, that result in fasteegbes d
tion. These events are short-lived, however, and observ&kare
found to have low star-formation efficiencies (e.g. Saigmst al.
2011; | Davis et all 2014). Evidence also exists that gas minor
mergers with early-type galaxies can further suppress tRé S
(Davis et all 2015). We thus do not expect merger induced star
bursts to be important in these sources.

Overall the limitations discussed above are mostly expecte
to be second-order effects. Hydrodynamic simulations Kitions
are required to confirm this, and they will be the topic of aifet
work.
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5 CONCLUSIONS

In this paper we considered what can be learnt about the ggese
of gas accretion and depletion from the observed distobutf
kinematic misalignment angles between the cold/ionizexl ayad
the stars.

We first presented simple arguments showing that the mis-
alignment distribution encodes information on the relengtde-
pletion and accretion timescales of gas in ETGs. Specificak
argued that the lack of a peak of exactly counter-rotatingcib
strongly constrains these timescales. Simple calculatibased
only on a rough estimate of the relaxation (i.e. torquing)etscale,
imply a short gas depletion timescalad, < 10° yr) and a high
rate of gas-rich mergerg(1 Gyr ).

We then presented a toy model of the interplay between these

processes, allowing us to better constrain and exploreftbet of
these timescales on the kinematic misalignment distobutRe-
alistic distributions of stellar masses and gas radii allowderive
estimates of the relevant timescales for the whole ETG patioul.
We thus confirmed our simple calculations, clearly showiag the
standard values for the accretion rate, star formationieffay and
relaxation time are not simultaneously consistent withatheerved
distribution of kinematic misalignments.

We then explored the effect of varying these parameter$ Bot
faster gas depletion (via e.g. more efficient star formatand/or
faster gas destruction (via e.g. AGN feedback) can be use#-to
plain the kinematic misalignment distribution, but thegnirequire
high rates of gas-rich mergers:(5 Gyr—!). Although some ob-
jects have evidence of multiple mergers within such a tirmlesas
a population accretion rates this high are unlikely.

An alternative explanation, which does not require highr&cc
tion rates, is that the misaligned gas relaxation occurs loveer
timescales{ 100 tayn OF =~ 1-5 Gyr) than usually assumed. We
suggest that this could come about because of ongoing ewtodt
tidal debris in mergers, rotating hot gas halos, or contiraecre-
tion from the cosmic web.

One way in which these scenarios could be tested would be
to determine the age of the accretion event in other wayd) suc
as age dating the most recent burst of star formation (vitaste
population modelling), or with the ratio of gas phase metiayl
to stellar metallicity. Models with fast relaxation recgiithe mis-
aligned objects to have accreted gas recently (typicalthiwithe
last200 Myr, but up tox 1 Gyr for exactly counter-rotating gas).
Slow relaxation removes such differences, predicting adilgtti-
bution of accretion times as a function of misalignment.

Of course, all of the processes discussed above may take
place simultaneously in galaxies and can not easily be atguhr
Many combinations of the parameters in our models can match
the observed misalignment distribution. Further work,hbob-
servationally and numerically, is required to properly erstdand
the gas misalignment in ETGs. Such work is also timely, since
if we can understand the typical timescale over which nisali
ments are visible, new large integral-field spectroscopieeys of
galaxies (e.g. the Calar Alto Legacy Integral Field spesttiopy
Area survey (CALIFA); Garcia-Benito etlal. 2015, the Syghe
AAO Multi-object Integral field spectrograph (SAMI) galasyr-
vey, |Bryant et all 2015; the Mapping Nearby Galaxies at APO
(MaNGA) survey, Bundy et al. 2015) will have the power to in-
vestigate these effects as a function of galaxy mass, emat,
etc, and thus to accurately constrain the (gas-rich) meegerin
the local universe.
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