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ABSTRACT

The cooling algorithm used by many existing semi-analytic models is rather simplisitic
and does not directly predict the lumnosity of the intra-halo medium. We eliminate these
deficiencies by modifying the density profile of the hot gas to match that of observed halos,
and by eliminating the dependence upon timestep.
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1 INTRODUCTION
2 METHOD

In this section we first describe the existing L-GAaLAXIES cooling
algorithm and its deficiencies. We then present our new method
before comparing the two for different ratios of cooling to dynamical
time.

2.1 The existing cooling algorithm

The cooling model that is used in the current version of L-GALAXIES
is described in detail in the supplementary material that accompa-
nies Henriques et al. (2014). We reiterate the essential points here.

2.1.1 The singular isothermal sphere

For simplicity, the density profile of the gas, shown in the top panel
of Fig. 1, is assumed to be that of a singular isothermal sphere
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(hereafter, SIS),

200 1
Pg = fg_3pc 2 (D

where fy = Mg/Mbpo. and x = r/ryo.. Here My is the gas mass
and My the total mass within a radius rpo. that encloses an
average density of 200 times the critical density pc. Of course, it is
recognised that having an infinite density at the centre of the halo is
not an accurate representation of real halos, but in practice, this is
expected to make little difference to the cooling rates as calculated
below.
In an SIS then the gas mass contained within radius r is

mg = fgMpppcx. 2
The specific energy of the gas is constant and equal to
3kgT
e=-—2— (3)
2umyy

where kg is the Boltzmann constant, 7 is the gas temperature and
umy is the mean mass per particle in the gas. The equation of
hydrostatic support leads quickly to the relation
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where v, is the circular speed of the halo.

2.1.2  The cooling and dynamical times

We take the cooling rate per unit volume of the gas to be nng(T, Z),
where ng = pg /umy is the number density of particles in the gas and
the cooling function, A, is a function of temperature and metallicity,
Z. The specific cooling rate of the gas is then

de ng
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Figure 1. The singular isothermal sphere: upper panel - density profile;
lower panel: mass profile. The cooling radius, r¢qo, is the radius at which
the cooling time is equal to the dynamical time of the halo.

which leads to a characteristic cooling timescale for the gas of
€ _ 3kgT

feoo = —— = kBT 6
<ol = 1de/de] ~ 2ngh ©)
We can write this as
2

x
Icool = Teool 7> @)

fe
where
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The adiabatic sound speed in the gas is (5kg7T'/ 3,umH)1/ 2 % ve.
Hence the characteristic dynamical time for gas to flow a distance r
is

r
fdyn = — = TdynXs ©
Ve

where 7gyn = 200¢/Ve-

2.1.3  The cooling model

Consider first the case where Teoo] < fgTdyn- Then all the gas within
a radius o can cool within a dynamical time. The latter limits

the rate at which can flow into the halo to replace that which has
cooled, however, and so the maximum (i.e. most negative) cooling
rate is taken to be

. M, M
g 200

Mg,max == = __Cf .
Tdyn Tdyn
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The key element of the algorithm is what to do when the
cooling time for the halo is longer than the dynmaical time 7.1 2
JaTdyn- One might naively expect that the gas in the centre of the
halo will be able to cool to low temperatures more effectively than
that at larger radii, leading to a positive temperature gradient in
the gas as a function of radius. That in turn would give a density
increase at the halo centre (to maintain pressure support) and a
central luminosity spike. However, X-ray observations of quasi-
steady cooling in groups and clusters of galaxies (e.g. Ettori et al.
2013) show only mild temperature gradients so that, to a good
approximation, 7(r) ~ constant, as in the SIS. Instead the gas is
thought to have a multiphase structure (i.e. there is a mixture of
densities at any given radius) leading to a multiphase cooling flow
model (Thomas 1988). In such a model, the mean temperature of
the gas remains fixed also in time and only the density changes as
gas cools out of the flow.

In the existing L-GaLaxies model, this is implemented by
finding the radius, 7cqo1, at which #coo1(Feool) = Tdyn @nd setting the
cooling rate to be

_ mg(rcool)

My =
g
Tdyn

= Mg,maxxcool’ (11)

where X001 = Tcool /7200¢ - Now, from Equation 8, we see that x;oo =
(taynfe/ Teool)! /2 Hence the final expression for the cooling rate is

1
Tdynfg)2 (12)

Mg = Mg max min |1, (
Tcool

Over timestep At the amount of gas that has cooled and been de-

posited is estimated assuming the cooling rate to be constant over

the timestep, but restricting the total amount of gas cooled to be no

larger than that initially present:

|AMg| = min Mg, |Mg|At] . (13)

We can rewrite this in terms of the hot gas mass fraction. Starting
with initial gas fraction fg, the remaining gas fraction after time
At is

Jo = feomax |0, 1 - (14)

Tcool

1
At (Tclynfgo)E At

Tdyn Tdyn

From Equation 12 one can obtain an estimate of the bolometric
luminosity of the hot gas (in practice mostly coming out in the X-ray
band) of

L = €| M,|. (15)

2.1.4 Problems with the model

The first problem with the model is that the total amount of mass
cooled is only correctly estimated from Equation 13 when the
timestep is sufficiently small that f ~ fo0. This is an unneces-
sary restriction introduced to minimise execution time in the code
and can easily be replaced by integrated versions of the cooling
equations that use a variable cooling rate as the density of the re-
maining gas decreases over time. Equation 12 can be rewritten as
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When 7¢o01 > Taynfeo the lower of these expressions integrates to
give
-2

an

Tcool

1
TdynJg0 ) 2 At
27, dyn

fe= fio 1+(

The condition 7¢o) < Tgynfg is trickier, because after some of the
gas has cooled, the cooling time drops and the cooling rate switches
from the upper to the lower expression:

fgoe—At / Tdyn’

f:g =371 At~ -2
cool €q .
>
Tayn + Tayn , At > teg;

where feq = Tayn In(Tayn f30/ Tcool)-

Fig. 2 shows the difference between the two approaches for the
cases where 7¢o01/Tdynfg = 0.2 and 2. The amount of gas cooled
is the same for timesteps that are short compared to the dynamical
time but, whereas the fixed cooling rate scheme exhausts all the gas
after one dynamical time, the variable cooling rate approach leaves
residual gas even at late times. For this point onwards in the paper,
we will use a variable cooling rate.

We note in passing that it could be argued that the cooling
radius should be determined not by the location where the cooling
time of the gas equals the dynamical time of the halo, 74y, but
rather the local dynamical time, fgy,. That would have the effect of
modifying Equation 18 as follows:

At < teg;
(18)

nge_At/Tdyny At < Teqs
— -3
Je =\ te00l |4 Ai-teq Ars g 19
Tdyn 3Tdyn ’ e

In practice, the two are very similar.

A more serious object to the cooling model is that it seems
to depend only upon the behaviour of the gas within the cooling
radius: why should gas outside that radius not contribute? A direct
integration of the expected luminosity in an SIS profile leads to an
infinite result, hence the use of Equation 15 which again depends
only upon the emission wihtin the cooling radius. In the following
section we develop a new version of the model that does not have
this deficiency.

2.2 The new cooling algorithm

Fundamental to our new cooling algorithm is the use of a density
profile for the intrahalo gas that more closely mimics that of ob-
served clusters. In particular, we use a model that has a finite central
density. That then gives a finite luminosity and we derive the rate
of mass depostion from this luminosity, rather than the other way
around.

2.2.1 The isothermal-beta model

We again assume that the total matter content of the halo can be
approximated by an SIS. However, we adopt a density profile for
the gas that tends to a constant within core radius a:

PO
_ , 20
Pg 1 +y2 (20)
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Figure 2. The amount of gas remaining in the SIS model after time Az using
a fixed cooling rate (lower, blue curve) and variable cooling rate (upper, red
curve), for the cases where 7¢oo1/Taynfg = 0.2 (upper panel) and 2 (lower
panel). The dotted red line in the lower panel shows the exponential branch
of the solution given in Equation 18.

where y = r/a. We call this the isothermal-beta model as it is
derived from a class of density profiles pg o (1 + y2) B, with
B = %, giving the usual 1/ r? dependence of the isothermal sphere
at large radii, r > a.

The mass profile of the gas is

y —arctan y

=4 3(y —arctany) = M, o 21
mg = 4npoa”(y N=Mgp———% 2n
where Y = y(rpgoc). Hence the gas fraction within ryqq is

4rpoa’(Y — arctanY)
fo= =2 - (22)

Mpooc

We again assume an iosthermal temperature for the gas. This
is not strictly valid because the core gas would not be in hydrostatic
equilibrium within an SIS potential at this temperature. However,
we know that the background potential does not itself truly follow
an SIS and, as the core is small compared to the virial radius, this
seems a reasonable approximation to adopt.

The luminosity of the halo gas (integrating now out to infinite
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radius) is

2 2.3

oo palAna

L:/ ng2A47rr2dr: 0 (23)
0

(ump)?

2.2.2  The cooling model

In a quasi-static cooling flow, in which the gas cools at constant
pressure, then the mass-deposition rate is (Thomas 1988)

My = 4)
where H = 5kgT/2umy is the specific enthaply of the gas. The
reason for using enthalpy instead of energy is that the parcels of
cooling gas remain in pressure equilibrium with their surrondings
and therefore have pressure work done on them as they cool.

Combining Equation 24 with Equations 8, 22 and 23 gives

. fo?
Je=- , (25)
£ Teool”
where
3umpkgT (Y — arctan Y)?
Tcooll = 207 peA V3 (26)
C
20 (Y - arctanY)?
= 3z —Y3 Tcool - @n

As for the SIS, the quasi-static cooling flow assumptions break
down when the cooling time at the edge of the halo is less than the
dynamical time. We therefore impose the same limit on the cooling
rate, meaning that the expression for the gas fraction again splits
into two cases. For Teoo1” 2 Tayn f30s

faoAr\ 7!
fg=fgo(l+ d ) ; 28)
Tcool
whereas for Teoo1” < Tdynfz0s
ngeiAl/Tdyna Ar < Teqs
(29)

fe= ’ At—teg\~!
£ %(1+T§q) AL > tegs
where feq = Tayn In(Tayn fo0/Tcool")- For typical values of ¥ ~ 10
#*#*Need to show this somewhere***, this gives cooling times that
are much shorter in the existing model, 7coo)” & 0.157¢o0)-

There is one important distinction between Equations ?? and
28: in the latter, the fraction of gas cooled is independent of the
dynamical time of the halo (as it should be). This can potentially
lead to very different estimates of the rate of deposition of hot gas
in the cooling flow regime. Fig. 3 shows the amount of gas cooled
using the existing model (solid, red curves), the existing model
modified to use a variable cooling rate (dotted, red curves) and for
the new model (solid, blue curves), using a value of ¥ = 10. We see
that the amount of cooled gas is less than in the existing SIS model
both in the limit of short and long cooling times. However, when
Taynfg ~ Teool”) then the cooling rate has approximately doubled
leading to greater deposition of gas for short tiemsteps.

2.3 Summary

We have shown that the existing L-GaLaxigEs cooling model,
based on a singular isothermal sphere model for the hot gas
density profile, is deficient in two ways: (i) for large time-steps,
At > max(tgyn, (Tdynrcool/fg)l/z), it cools too much gas, and (ii)
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Figure 3. The amount of gas remaining as a function of time using the
existing SIS model with a fixed cooling rate (solid, blue curve) and variable
cooling rate (dotted, blue curve), and for the new isothermal-beta model
model (solid, red curve), for the cases where T¢oo1 /Taynfy = 0.02 (upper
panel), 0.2 (middle panel) and 2 (lower panel). We have taken Y = 10.
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the cooling rate in the slow-cooling regime 7¢oo1 > Taynfg) is de-
pendent upon the dynamical time of the halo.

We overcome these problems by modifying the density profile
of the hot gas to be an isothermal-beta model which has a finite
centra density. The cooling rate of the gas is then self-consistently
calculated and used to determine the rate of mass deposition in the
cooling flow regime.

The new model differs in two important respects from the old:

e The hot gas is never fully depleted, no matter how large a
timestep is used (and, unlike the exisiting sheme, using many small
timesteps to cover a fixed time interval gives the same result as using
one larger one).

e When the cooling time is very long (as in groups and clusters
of galaxies) then the absence of a central density cusp means that
the rate of mass deposition is much smaller in the new model than
in the old one.

The first of these items is largely a numerical issue, but the latter can
have implications for the amoutn of feedback required to suppress
star-formation in the largest galaxies, as we will show below.

3 RESULTS
4 CONCLUSIONS
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