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orbit is viewed in projection on the plane of the sky (see x 4.2).
Since it is !W that ultimately determines the tangential velocity
component, it becomes relatively clear how these groups could
make the same assumptions and obtain such different estimates for
v tan. For example, although the values of !N determined by the
theoretical models of HR94, LL82, and GSF94 are roughly the
same (Table 2), their estimates for !W are quite different. GSF94
also matched the line-of-sight radial velocities along their orbit
to the available H i data in theMS in determining their proper mo-
tions; but, this assumption is dependent on the advocated forma-
tion mechanism of the MS, which is still a subject of debate (see
x 5.4.3). The discrepancy between the !W components in these
studies ultimately owes to the details of the MW models and
choice of perigalacticon, which strongly affects the lifetime of the
binary system.

From Table 1, only the HR94 orbital parameters are consistent
with those of the K1 orbits in an isothermal sphere model. How-
ever, as the apogalacticon distance increases, the validity of an
isothermal sphere model for the MW is questionable: simulated
DM halos do not behave like isothermal spheres, especially at
large radii. Furthermore, the corresponding increase in orbital
period limits the effectiveness of ram pressure and tidal strip-
ping, which are two popular mechanisms for the formation of
the MS.

In this paper we revisit this classic orbital mechanics problem,
adopting 3D velocities constrained by the recent proper-motion
measurements of K1(K2) for the LMC(SMC) and a more de-
tailedMWmodel. In x 2we first reconsider the isothermal sphere
model to highlight the substantial change in the LMC’s orbital
history implied by the new measurements. In x 3 we consider in-
stead a cosmologically motivated model and describe our method-
ology and model parameters: our fiducial MWmodel is consistent
with model A1 of Klypin et al. (2002, hereafter KZS02; virial
massMvir ¼ 1012 M") and known observational constraints. We
focus our analysis on the LMC alone as the LMC : SMCmass ra-
tio of #10:1 precludes the SMC from being a major determinant
in the LMC’s orbital history. In x 4 the error space of the new
proper-motion measurements is searched to test all allowed or-
bital histories for the LMC. For our fiducial MWmodel, the new
mean 3D velocity is roughly the escape velocity at the LMC’s
current location (50 kpc). Consequently, our computed orbital
histories differ substantially from the predictions of all previous
studies: we find that the orbit of the LMC is best described as
highly eccentric and approaching parabolic, implying that the
LMC is on its first passage about the MW. We further show that
orbits computed with either our fiducial model or the isothermal
sphere model are colocated when projected on the plane of the
sky, but deviate from the current location of the MS owing to the
misalignment of the stream with the K1 proper-motion vector.
Moreover, this deviation exists even if the vdM02 proper-motion
measurements are used. In x 4.3 our results are shown to be ro-
bust to changes in our fiducial model parameters. We also con-
sider the impact of the SMC on the robustness of our results in
x 5.1. We discuss the reliability of the new proper-motion mea-
surements in x 5.2 and comment on the likelihood of a first pass-
age scenario in x 5.3. The implications of the new orbital history
for the star formation history of the LMC, the production of the
warp in the MW disk and the formation of the MS are discussed
in x 5.4. We conclude in x 6.

2. EARLIER MODELS

The present galactocentric 3D space, tangential, and radial ve-
locities, positions, past orbital period, perigalacticon, and apoga-
lacticon distances for the LMC as determined by MF80, GSF94,

GN96, HR94, vdM02, andM05 are listed in Table 1. Theseworks
serve as characteristic examples of the range of orbital parameters
previously considered for the Magellanic system.

With the exception of M05, the listed authors all modeled the
MWas a singular isothermal sphere and accounted for the effects
of dynamical friction using the Chandrasekhar formula (Binney
& Tremaine (1987, eq. [7.18]) with a constant Coulomb log-
arithm of ln! in the range 1Y3. M05 modeled the dark matter
halo of theMWusing an NFW profile (Navarro et al. 1997) with
concentration parameter c ¼ 11, virial radius Rvir ¼ 200 kpc, and
a virial mass of Mvir ¼ 1:1 ; 1012 M". However, they also consid-
ered a substantially lower 3D velocity for the LMC (250 km s$1).
The listed authors were able to find solutions where the Clouds
follow quasi-periodic orbits that slowly decay owing to dynamical
friction/tidal stripping as the Cloudsmove through the dark matter
halo of the MW.

The 3D space velocities and 1 " errors for the LMC as deter-
mined by K1 are listed in the fifth row of Table 1. Using these
velocities the apogalacticon distance increases to 220 kpc and
the orbital period to 3Gyr. This contrasts starklywith the orbit cor-
responding to the vdM02 averaged value, which yields results
similar to those of GN96. The full orbital history of the LMC
estimated using the K1 mean values and those of vdM02 and
GN96 are plotted for comparison in Figure 1 (solid, dotted, and
dashed lines, respectively). Only the orbital parameters of HR94
are consistent with the new picture.

Although the K1 mean values still imply that the LMC has
completed several pericentric passages about the MW within a
Hubble time, the increased orbital period and apogalacticon dis-
tance present substantial challenges to current tidal and ram pres-
sure stripping models for the formation of the MS (see x 5.4.3).
Moreover, it is unclear that an isothermal sphere model is appro-
priate at distancesk200 kpc. This is certainly true over long time-
scales since dark matter halos evolve over time (Wechsler et al.

Fig. 1.—Galactocentric radial distance plotted as a function of time in the past
for themeanK1 (solid line), GN96 (dashed line), and vdM02 (dotted line) values,
where T ¼ 0 corresponds to today. The MW dark matter halo is modeled as an
isothermal sphere and the effect of dynamical friction is approximated using the
Chandrasekhar formula with Coulomb logarithm ln! ¼ 3. Even in this idealized
case, the apogalacticon distance reached using themeanK1 values is#2 times larger
than the GN96 or vdM02 results and the orbital period has increased to #3 Gyr.
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those in an isothermal sphere model. In our fiducial model, the
vdM02 and GN96 proper motions (Table 2) imply that the LMC
has completed only one orbit within 10 Gyr and reached an apo-
galacticon distance of 300Y400 kpc, whereas these same proper
motions suggest orbital periods of 1.5 Gyr and an apogalacticon
distance of 100 kpc in the isothermal spheremodel. These striking
results indicate that, independent of the proper-motion measure-
ments, the choice ofMWmodel can significantly alter our picture
of the orbital history of theMagellanic system. The dependence of
these results on model parameters are discussed in x 4.3.1.

In Figure 3we also plot the orbital path of the LMC for each of
the 10,000 proper-motion combinations allowed within K1’s er-
ror space. We find that the orbits are still roughly polar, but are
not strictly confined within the Y-Z plane. Colored areas indicate
the portion of the Y-Z plane spanned by orbits corresponding to
(!W, !N) combinations within a specified " from the mean (!!).
The orbit corresponding to themean values [!! ¼ (# 2:03; 0:44)]
is parabolic. Orbits with a larger j!W j component (# 1 to # 4 "
from !!

W ) correspond to hyperbolic orbits. The magnitude of
j!!

W j must decrease by 3Y4 " before the orbit will cross the disk
plane. In Figure 4 these same orbits are constrained between the
lines marked as ! ¼ !!

W $ 4 ". Even in the case most favorable
to bound orbits (!W ¼ !!

W þ 4 "), the orbital period is roughly a
Hubble time and reaches an apogalacticon distance of 550 kpc,
which is substantially larger than that predicted by all other stud-
ies. On such distance scales dynamical friction plays little role in
modifying the orbital history of the LMC and uncertainties in the
analytic description ofFDF are irrelevant (see x 3). In particular, if
dynamical friction is ignored entirely, Figures 3 and 4 are un-

changed. This is demonstrated by the long-dashed line in Figure 4
representing the orbital evolution of the LMC for the mean values
with no dynamical friction.
We now examine these results more statistically: in Figures 5

and 6 all 10,000 combinations are color coded according to the
time (Fig. 5) or distance (Fig. 6) at which the LMC last crossed
the MW disk plane. In both cases the light blue dots indicate or-
bits that never crossed the MWdisk plane within tH. Dashed lines
indicate the number of standard deviations of a given point from
the mean proper motion [(!!

W , !!
N ); filled triangle]. The large as-

terisk shows the vdM02 average of previous proper measure-
ments: this value is well outside 4 " of !!

W , but is consistent with
!!
N . The distance and time of disk crossing for the vdM02 value

(250 kpc; 1.5 Gyr ago) are marked in the legend.
No solutions within 1 " of the K1 mean ever cross the disk

plane: in most of those cases the LMC never completes a single
orbit within tH. The 2% of cases that do cross the disk plane do so
at substantially larger times and distances than predicted by any
previous study. In fact, only & 0.1% of all cases ever cross the disk
plane <4 Gyr ago; i.e., at times greater than twice the orbital
period predicted byGN96 using an isothermal sphereMWmodel.
Because the LMC does not complete a single orbit in most cases,
the time atwhich theLMC last crossed the disk plane is amore rel-
evant point of comparison to previous estimates of the orbital
period. Also, the distance of disk-plane crossing is relevant to ram
pressure stripping models for the formation of the MS, which are
sensitive to the density of the ambient medium (e.g., Moore &
Davis (1994); see x 5.4.3). These plots thus provide a measure for
the timescale and strength of the interaction between the MWand
LMC.

Fig. 3.—Orbital paths corresponding to 10,000 randomly selected combina-
tions (!W,!N) traced 4Gyr in the past and plotted in the Galactocentric Y-Z plane.
The present location of the LMC is indicated by the filled square and theMWdisk
plane by the short-dashed line. The dash-dotted line indicates the virial radius of
the halo (258 kpc). Orbital paths corresponding to !W values within $ 1 " from
the mean value (!!

W ¼ # 2:03) are confined within the red area. Paths that corre-
spond to !W components within 1Y2 " are confined within the light blue region, be-
tween 2 and 3 "within the blue region and between 3Y4 "within the green region.
Only orbits within the upper green region (!W ¼ !!

W þ 4 ") cross the disk plane
within 4 Gyr. The heavy dashed and dotted lines indicate the orbits traced by the
GN96 and vdM02 values, respectively, in our fiducial model. [See the electronic
edition of the Journal for a color version of this figure.]

Fig. 4.—Orbital evolution of the LMC plotted as a function of time in the past,
where T ¼ 0 corresponds to today. The dash-dotted line indicates the virial radius
of the halo (258 kpc). All allowed orbits are constrained by the lines marked !W ¼
!!
W $ 4", which indicate the outer boundary of the green regions in Fig. 3. The two

lines indicated by !! represent the orbital evolution of the LMC if the mean values
are used [!! ¼ (# 2:03; 0:44)]: the long-dashed(solid) line illustrates the orbit ig-
noring(including) dynamical friction. Even in the best-case scenario, the LMC com-
pletes only one orbit within tH and reaches an apogalacticon distance of 550 kpc. The
short-dashed and dotted lines indicate the orbits traced by the old GN96 and vdM02
values, respectively, in our fiducial model. [See the electronic edition of the Journal
for a color version of this figure.]
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Figure 8. The separation between Andromeda and the MW during the

course of their merger. Our fiducial model in red is compared to a case

with no intragroup medium (dark matter + gas) in blue. Dynamical friction

on the diffuse medium shortens the MW/M31 coalescence time by a factor

of a few. The present time is 5 Gyr after the start of the simulation.

during the merger, we show here that the cause for the short merger

time-scale is the intragroup medium.

Our model for the Local Group assumes that the MW and An-

dromeda are embedded in a diffuse medium of dark matter and gas.

The medium itself (minus the evolved galaxies) is unvirialized and

of low overdensity (δ ∼ 5) corresponding to a region of the Universe

that has decoupled from the Hubble flow and started its evolution

towards a collapsed virialized state. This medium exerts dynamical

friction on the MW and Andromeda and speeds up the merger dy-

namics by soaking orbital energy and angular momentum. This is

shown explicitly in Fig. 8, which compares the MW–Andromeda

separation in our fiducial model to an identical model without a

diffuse medium. Without the intragroup medium, the merger time-

scale is nearly three times longer than with it.

The effect of the intragroup medium should scale similarly to the

standard (Chandrasekhar) formula for dynamical friction (Binney

& Tremaine 1987, Equation 7-18), in which the deceleration of a

massive object is proportional to the background matter density,

dv/dt ∝ ρ. Therefore, the rate at which angular momentum is ex-

tracted from the orbit depends on the assumed intragroup medium

density, a quantity which is poorly constrained observationally.

Once the dark matter haloes begin to interpenetrate, that is, when

the MW–Andromeda separation is ∼100 kpc, the merger completes

relatively quickly because the dark matter haloes dominate over the

background density.

This last point is particularly relevant to simulations of binary

galaxy mergers, which typically omit any background overdensity.

While this omission does not significantly alter the dynamical fric-

tion estimates once the haloes overlap and therefore dominate the

background density, it may still change the distribution of orbits in

high-density environments where the galaxies traverse through sig-

nificant overdensities prior to their interaction event. In this sense,

the merger time-scales extracted from binary merger simulations

may be considered an upper limit that is most applicable to galaxies

in the field.

4.3.2 The fate of our Solar system

An interesting consequence of the short time-scale for the merger

between the MW and Andromeda is the possibility that a human (or

decedent thereof) observer will witness the interaction and merger.

At the heart of this issue is the comparison between the lifetime of

the Sun and the interaction time-scale.

Present evolutionary models (see e.g. Sackmann et al. 1993) pre-

dict that the Sun will steadily increase its size and luminosity for

the next 7 Gyr as it slowly consumes all available hydrogen and

evolves towards a red giant phase. While this places a strong upper

limit to the extent of life on Earth, it is likely that much smaller

changes (<50 per cent) in the Sun’s luminosity will significantly

alter the Earth’s atmosphere and thus its habitability within the next

1.1–3.5 Gyr (Kasting 1988). Korycansky, Laughlin & Adams (2001)

suggested that the onset of these effects could be delayed by increas-

ing the orbital radius of the Earth through a sequence of interactions

with bodies in the outer Solar system, and we cannot rule out the

possible colonization of habitable planets in nearby stars, especially

long-lived M-dwarfs (Udry et al. 2007) whose lifetime may exceed

1012 yr (Adams, Bodenheimer & Laughlin 2005). In short, it is con-

ceivable that life may exist for as little as 1.1 Gyr into the future or,

if interstellar travel is possible, much longer.

Regardless of the prospects for life in the future, we can attempt to

predict what any potential observer at the solar Galactic circle might

see by tracking candidate Suns in our simulation. In particular, we

flag all stellar particles with a galactocentric orbital radius of 8 ±

0.5 kpc, corresponding to the observed value for the Sun (Eisenhauer

et al. 2003), and subsequently follow the location of these particles

forward in time. This procedure typically yields ∼700 particles as

‘candidate Suns’ (although it should be kept in mind that owing

to our limited resolution, each of the simulated particles is many

orders of magnitude more massive than the Sun). The results are

presented in Fig. 9 and demonstrate some of the possible outcomes

for the future location of our Sun. Given the uncertainties in our

model parameters and the fact that the orbital period of the Sun

around the MW is much shorter than the merger time-scale, it is not

possible to forecast reliably the actual phase of the Galactic orbit of

the Sun at the time of closest approach to Andromeda. Therefore,

we regard all the stellar particles at the galactocentric radius of the

Sun as equally probable of representing the Sun. We will first outline

some of the general features of our fiducial model, before showing

similar distributions from a subset of models to assess the reliability

of these results.

Fig. 9 outlines the wide variety of potential locations for our

candidate Suns during the future evolution of the Local Group. For

example, the top right-hand panel in Fig. 9 demonstrates the location

of the candidate Suns after the first passage of Andromeda. At this

point, the observer will most likely still be in the (now disturbed)

disc of the MW, but there exists a 12 per cent chance that the Sun

will be tidally ejected and take part in the tidal tail material that is

>20 kpc away from the MW centre.

The probability that the candidate Sun will be located farther

than 20 kpc from the MW centre steadily increases as the inter-

action progresses. At the second passage, the percentage of Suns

that are farther than 20 kpc is 30 per cent. This number increases to

48 per cent after the second passage. and is 68 per cent in the merger

remnant. In fact, there is a 54 per cent chance that the Sun will be at
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Less well constrained is the present estimate for the transverse

velocity of Andromeda. As mentioned in Section 1, speeds of

<200 km s−1 are favoured by recent models (Peebles et al. 2001;

Loeb et al. 2005; van der Marel & Guhathakurta 2008), but depend

on assumptions regarding the distribution of mass within the Local

Group and its initial state. We will therefore gauge the success of our

Local Group model by its ability to reproduce the above three obser-

vations, but it should be kept in mind that the first two observations

have significantly less leeway than the third.

Constraints on the spin orientation of both the MW and An-

dromeda with respect to the orbital plane of the merger originate

from the present position and orientation of Andromeda in the night

sky. While these details are necessary for a complete model of the

Local Group, they do not significantly influence the timing of the

merger between the MW and Andromeda. The spin orientation will,

however, affect the disc morphology during the merger, a detail that

will be addressed when we attempt to track the possible dynamical

fate of our Sun in Section 4.3.2.

2.3 The local intragroup medium

One plausible starting model for the Local Group is to follow the

logic originally employed by the timing argument (Kahn & Woltjer

1959), that is, that the mass of the Local Group is entirely contained

within the MW and Andromeda and their motion is a simple two

body problem governed by Kepler’s equations. In practice, how-

ever, most of the recent implementations of the timing argument

(see e.g. Binney & Tremaine 1987; Fich & Tremaine 1991; Li &

White 2008) generally yield masses for the Local Group (>3 ×

1012 M⊙) that exceed the total masses in our MW and Andromeda

models (2.6 × 1012 M⊙). This discrepancy suggests that the MW

and Andromeda do not contain the entire quantity of mass in the

Local Group and are instead the most massive concentrations of

mass within a larger all-encompassing medium. This point of view

is very natural in a cosmological context where galaxies are not iso-

lated islands, but rather mountain peaks within a vast continent of

land.

For these reasons, our Local Group model supplements the MW

and Andromeda galaxy models with a diffuse and extended intra-

group medium, as schematically depicted in Fig. 1. Put within a

Figure 1. Sketch of the initial configuration of our Local Group model,

which consists of the MW and Andromeda embedded in a diffuse, constant-

density intragroup medium of equivalent mass. See the text in Section 2 and

Table 1 for more details.

cosmological framework, this initial configuration may represent a

point in time when the entire Local Group has decoupled from the

general Hubble flow and is in the process of collapsing to become

a virialized structure.

For simplicity, we assume that the Local Group medium is ini-

tially a constant density cube of 1.5 Mpc on a side composed

of both dark matter and gas. The total diffuse mass within this

cube is set equal to the total mass of the two galaxy haloes today,

2.6 × 1012 M⊙, yielding a net mass interior to the MW/M31 orbit

that is consistent with the timing argument. Our choice is motivated

by other cosmological simulations (Gao et al. 2004) which indicate

that a substantial fraction of the dark matter is likely to be diffuse and

resides in between virialized haloes (within the unvirialized Local

Group) at the initial time of our simulation ∼5 Gyr ago.3

We also postulate that the Local Group volume contains close

to the cosmic mean value of baryons, namely 16 per cent (Spergel

et al. 2003). Since the MW and Andromeda galaxy models only

include baryons in the Galactic disc and bulge components, they are

far short of this value. We therefore set the Local Group medium

to be 20 per cent primordial gas, by mass, so that the entire region

approaches the cosmic mean value. The gaseous component, like

the dark matter, is initialized to have a constant density, and its tem-

perature is fixed to be 3 × 105 K, consistent with estimates for the

warm–hot intergalactic medium (WHIM) at comparable overden-

sities from cosmological simulations (see e.g. fig. 6 in Davé et al.

2001) and with observations of apparent RAM pressure stripping in

the Local Group dwarf galaxy Pegasus (McConnachie et al. 2007).

We note that the initial gas temperature is far below the virialized

temperature of the Local Group, however this assumption is consis-

tent with the post-turnaround, and pre-virialized initial conditions

that we adopt. The constant density is also not in line with the as-

sumed growth of the initial stellar discs from a virialized gaseous

halo (see e.g. Mo, Mao & White 1998, and references therein).

Within a halo dynamical time, some of the initial intragroup gas is

expected be accreted by each galaxy, and most of the remaining in-

tragroup gas will end up being shock-heated during the collapse and

relaxation of the Local Group. The dynamics of the merger between

the MW and Andromeda is dominated by the distribution of dark

matter and stellar discs, and so the basic results of our simulation,

involving, for example, the timing of the merger, are not directly

affected by the initial gas temperature and density distribution.

Since the total mass of the diffuse medium is equivalent to the

two galaxies, the two components are represented with an equiva-

lent number of particles: 1.3 million (1.04 million dark matter, and

260 000 gas). With these assumptions, the overdensity of our initial

Local Group model is δLG = ρLG/ρcrit ≈ 10.

2.4 Other considerations

Unfortunately, once the Local Group contains this extended mass

distribution the relative motion of the MW and Andromeda no longer

becomes a trivial application of Kepler’s laws. The diffuse mass will

3 The initial scale of the Local Group in our simulation is an order of mag-

nitude larger than the virial radius r200 of the MW or Andromeda galaxies.

If one were to extend the Navarro, Frenk & White (1997) density profile of

the envelope around each galaxy (with an asymptotic radial dependence of

r−3) out to our initial Local Group scale, then one would roughly double

the mass found within the virial radius of each halo. The added mass in that

case would be similar to the amount we indeed assume for the intragroup

medium.
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Major mergers are relatively common

integrating this, we obtain the number of mergers an average
galaxy undergoes between z1 and z2 (Nm),

Nm ¼
Z z2

z1

fgm zð Þ
!m

dt ¼
Z z2

z1

tH
f0
!m

! "
1 þ zð ÞmA% 1 dz

E zð Þ
; ð11Þ

where fgm is the galaxy merger fraction, !m is the asymmetry
merger timescale (eq. [10]), and the parameter E(z) ¼ ½!M (1þ
z)3 þ !k(1 þ z)2 þ !"'% 1=2 ¼ H % 1(z). We have assumed a
power-law increase for the form of fgm, since this is the best fitting
formula for the most massive and most luminous galaxies. This is
easy to change when considering power-law/exponential fits for
lower mass galaxies, which we do when determining the number
of mergers and the resulting mass accreted in these systems. This
calculation also requires that we track the evolution of the stellar
masses of these galaxies, as the values of mA and f0 evolve with
time and stellar mass. However, for the most massive galaxies we
do not have the mass resolution atM( > 1010 M) to carry out this
solution. Future studies that use larger samples will have this res-
olution, and a formal solution using equation (11) can be applied
with the evolving merger history included.

According to this formalism, and using the best-fit values for
mA and f0, we calculate the merger history of galaxies at various
initial masses and luminosities. Figure 6 shows the cumulative
number of mergers an average galaxy with an initial stellar mass
of 1010, 109, and 108 M) undergoes as a function of redshift,
starting at z * 3. Just as in x 3.3.4, we use the merger timescale
from sim2 (Table 1) and include in the error budget the timescale
range from different orbital properties, mass ratios, and viewing
angles.

Based on this, we find that a 1010 M) galaxy will experience
4:4þ 1:6

% 0:9 major mergers according to this formalism by z * 0
using equations (10) and (11). If we consider that mergers occur
with two flybys instead of the one we assume, then the total
number of mergers will be * 3, and if we assume that all of these
mergers occur with pure disks as progenitors, then an average
system will undergo * 3 mergers. However, as argued in x 3.3.3
and above, neither of these extreme scenarios is likely.

It is possible that the merger timescales for galaxies are shorter
at higher redshifts than at z * 0, whichwould imply that the asym-

metry timescale !m would also be shorter. We use the observed
evolution of the sizes of high-redshift galaxies to approximate how
the merger timescale could possibly change as a function of red-
shift. Ferguson et al. (2004) find that the sizes of Lyman break
galaxies evolve with redshift such that the average measured ra-
dius increases as H % 1(z) ¼ E(z) ¼ ½0:3(1 þ z)3 þ 0:7'% 1/2 in our
cosmology. If the merger timescales increase linearly with radius,
then !m(z) * E(z). When we consider this evolution of ! with
redshift, we find that the most massive galaxies undergo more
mergers between z ¼ 3 and 0, roughly 15:2þ 5:4

% 3:2. We also calculate
these curves for the lower mass galaxies using the power-law/
exponential formalism for the merger fraction history fgm in equa-
tion (11). This is, however, an extreme scenario, and there is no
evidence that the merger timescale at high redshift is any shorter
than it is at z * 0.

Interestingly, in all cases the lower mass galaxies experience a
similar number of mergers by z * 0 (Fig. 6). The major differ-
ence is that for the most massive galaxies, most of these mergers
occur earlier at z > 1, while the lower mass systems have few
major mergers at similar redshifts. Most merging for galaxies
with M > 1010 M) appears to be complete by z * 1:5, with no
major mergers after this time. This implies that massive galaxy
formation is complete by z * 1:5, if major mergers are the dom-
inant mechanism for forming high-mass systems.

4.2. Stellar Mass Evolution of Field Galaxies

The stellar mass of a galaxy undergoing a merger increases
due to the stellar mass accreted in the merger, as well as from any
star formation induced during the merger. Below we present a
very general calculation and formalism for calculating the way
stellar mass can be increased in galaxies during the merger pro-
cess. Since galaxies at high redshift are thought to be gas-rich
systems, the amount of stars produced during a burst can be quite
significant. There are some estimates for the ongoing and past
star formation rates in Lyman break galaxies that we use to
determine how much stellar mass is added due to the star for-
mation induced during a merger. In general, the total amount of
stellar mass added to a galaxy over time is given by "MT,

"MT ¼ "Mmsf þ "Masf þ "Mmerger;

Fig. 6.—Cumulative number of major mergers (1:3 or lower mass ratios) for galaxies starting from z ¼ 3 for systems with different initial stellar masses. The solid
line shows the evolution in the cumulative number of mergers for an average galaxy with an initial mass of 1010 M) , with the hatched region showing the 1 # range of
possible outcomes. This 1 # range includes uncertainties in the merger timescales as well as uncertainties in the measured merger fractions. For lower mass galaxies, the
number of mergers is shown as the dashed line for systems with M( > 108 M) and the dotted line for systems with M( > 109 M) .
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integrating this, we obtain the number of mergers an average
galaxy undergoes between z1 and z2 (Nm),

Nm ¼
Z z2

z1

fgm zð Þ
!m

dt ¼
Z z2

z1

tH
f0
!m

! "
1 þ zð ÞmA% 1 dz

E zð Þ
; ð11Þ

where fgm is the galaxy merger fraction, !m is the asymmetry
merger timescale (eq. [10]), and the parameter E(z) ¼ ½!M (1þ
z)3 þ !k(1 þ z)2 þ !"'% 1=2 ¼ H % 1(z). We have assumed a
power-law increase for the form of fgm, since this is the best fitting
formula for the most massive and most luminous galaxies. This is
easy to change when considering power-law/exponential fits for
lower mass galaxies, which we do when determining the number
of mergers and the resulting mass accreted in these systems. This
calculation also requires that we track the evolution of the stellar
masses of these galaxies, as the values of mA and f0 evolve with
time and stellar mass. However, for the most massive galaxies we
do not have the mass resolution atM( > 1010 M) to carry out this
solution. Future studies that use larger samples will have this res-
olution, and a formal solution using equation (11) can be applied
with the evolving merger history included.

According to this formalism, and using the best-fit values for
mA and f0, we calculate the merger history of galaxies at various
initial masses and luminosities. Figure 6 shows the cumulative
number of mergers an average galaxy with an initial stellar mass
of 1010, 109, and 108 M) undergoes as a function of redshift,
starting at z * 3. Just as in x 3.3.4, we use the merger timescale
from sim2 (Table 1) and include in the error budget the timescale
range from different orbital properties, mass ratios, and viewing
angles.

Based on this, we find that a 1010 M) galaxy will experience
4:4þ 1:6

% 0:9 major mergers according to this formalism by z * 0
using equations (10) and (11). If we consider that mergers occur
with two flybys instead of the one we assume, then the total
number of mergers will be * 3, and if we assume that all of these
mergers occur with pure disks as progenitors, then an average
system will undergo * 3 mergers. However, as argued in x 3.3.3
and above, neither of these extreme scenarios is likely.

It is possible that the merger timescales for galaxies are shorter
at higher redshifts than at z * 0, whichwould imply that the asym-

metry timescale !m would also be shorter. We use the observed
evolution of the sizes of high-redshift galaxies to approximate how
the merger timescale could possibly change as a function of red-
shift. Ferguson et al. (2004) find that the sizes of Lyman break
galaxies evolve with redshift such that the average measured ra-
dius increases as H % 1(z) ¼ E(z) ¼ ½0:3(1 þ z)3 þ 0:7'% 1/2 in our
cosmology. If the merger timescales increase linearly with radius,
then !m(z) * E(z). When we consider this evolution of ! with
redshift, we find that the most massive galaxies undergo more
mergers between z ¼ 3 and 0, roughly 15:2þ 5:4

% 3:2. We also calculate
these curves for the lower mass galaxies using the power-law/
exponential formalism for the merger fraction history fgm in equa-
tion (11). This is, however, an extreme scenario, and there is no
evidence that the merger timescale at high redshift is any shorter
than it is at z * 0.

Interestingly, in all cases the lower mass galaxies experience a
similar number of mergers by z * 0 (Fig. 6). The major differ-
ence is that for the most massive galaxies, most of these mergers
occur earlier at z > 1, while the lower mass systems have few
major mergers at similar redshifts. Most merging for galaxies
with M > 1010 M) appears to be complete by z * 1:5, with no
major mergers after this time. This implies that massive galaxy
formation is complete by z * 1:5, if major mergers are the dom-
inant mechanism for forming high-mass systems.

4.2. Stellar Mass Evolution of Field Galaxies

The stellar mass of a galaxy undergoing a merger increases
due to the stellar mass accreted in the merger, as well as from any
star formation induced during the merger. Below we present a
very general calculation and formalism for calculating the way
stellar mass can be increased in galaxies during the merger pro-
cess. Since galaxies at high redshift are thought to be gas-rich
systems, the amount of stars produced during a burst can be quite
significant. There are some estimates for the ongoing and past
star formation rates in Lyman break galaxies that we use to
determine how much stellar mass is added due to the star for-
mation induced during a merger. In general, the total amount of
stellar mass added to a galaxy over time is given by "MT,

"MT ¼ "Mmsf þ "Masf þ "Mmerger;

Fig. 6.—Cumulative number of major mergers (1:3 or lower mass ratios) for galaxies starting from z ¼ 3 for systems with different initial stellar masses. The solid
line shows the evolution in the cumulative number of mergers for an average galaxy with an initial mass of 1010 M) , with the hatched region showing the 1 # range of
possible outcomes. This 1 # range includes uncertainties in the merger timescales as well as uncertainties in the measured merger fractions. For lower mass galaxies, the
number of mergers is shown as the dashed line for systems with M( > 108 M) and the dotted line for systems with M( > 109 M) .
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8.5 Mergers 697

Figure 8.13 The interacting galaxies NGC 4038 and NGC 4039, the “Antennae.” This
is an overexposed image to emphasize the low surface-brightness tidal tails. The distance
from the overlapping blobs at the center to the bright star above and to the right of them
is 40 kpc. Courtesy of D. F. Malin and the Anglo–Australian Telescope Board.

Another route to the same conclusion is through the collisionless Boltz-
mann equation, which shows that the density of stars in phase space is con-
served (eq. 4.10). A long-lived tidal tail or streamer must have high phase-
space density, since the spatial density must be high if the tail is to be visible
against the background galaxy, and the velocity dispersion must be low if it
is not to disperse quickly. Thus the progenitor of the tidal tail or streamer
must have high phase-space density, a condition that is satisfied by both
satellite stellar systems (because their spatial densities are high and their
velocity dispersions are low compared to the larger host galaxy) and disks
(because the velocity dispersion is low).

Another galaxy with prominent tidal tails that is almost certainly an
ongoing merger is NGC 4676 (“the Mice”), shown in Figure 8.15.

698 Chapter 8: Collisions and Encounters of Stellar Systems

Figure 8.14 A model of the NGC 4038/4039 pair by Toomre & Toomre (1972). Repro-
duced by permission of The Astrophysical Journal.

8.5.2 Grand-design spirals

We have seen in Chapter 6 that grand-design spirals such as M51 (Plate 1)
or M81 (Plate 8) often have companion galaxies nearby, and that the gravi-
tational forces from an encounter with a companion can excite a strong but
transitory spiral pattern (Figure 6.26). In most cases the orbit of the com-
panion galaxy that excited the spiral will decay by dynamical friction, so
the two galaxies are likely to merge in the future. Thus many of the most
beautiful and striking spiral galaxies in the sky are likely to be the product
of major mergers.

Galactic bridges & tails as relics of close encounters

Toomre & Toomre 72 explained features of many observed ‘peculiar galaxies’ in 
encounters of two point masses + tracer particles



Interacting galaxies observed by HST



Matching peculiar galaxies with stages of mergers 
in modern simulation

Toggling between galaxy merger simulation and HST images



Angular momentum transport and the funneling of 
gas into the nucleus in major mergers

Mihos & Hernquist 96

Blue=gas
Yellow=stars

Strong asymmetries induced by 
tidal forces 

+ 

offsets between gas & stars (stellar 
orbits can cross but gas orbits 
can’t) 

⟹ strong gravitational torques 
efficiently drive gas to nucleus 
(≲100 pc), SFR enhanced by up to 
factor ~100



(Ultra-)luminous infrared galaxies
Prototypical local ULIRG 
Arp 220

Most nearby luminous QSO 
Mrk 231

Starburst galaxies: 
- LIRG: LIR>1011 Lsun 
- ULIRG: LIR>1012 Lsun 

In the local Universe (but not necessarily at 
high redshift), ULIRGs appear always 
associated with signs of a recent major 
merger (shells, tidal tails, complex velocity 
fields, …) 

Most ULIRGs have non-thermal nuclear 
spectra indicative of an AGN excitation 
source (rather than star formation)
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FIG. 1.— An schematic outline of the phases of growth in a “typical” galaxy undergoing a gas-rich major merger. Image Credit: (a) NOAO/AURA/NSF; (b) REU program/NOAO/AURA/NSF; (c)
NASA/STScI/ACS Science Team; (d) Optical (left): NASA/STScI/R. P. van der Marel & J. Gerssen; X-ray (right): NASA/CXC/MPE/S. Komossa et al.; (e) Left: J. Bahcall/M. Disney/NASA; Right: Gem-
ini Observatory/NSF/University of Hawaii Institute for Astronomy; (f) J. Bahcall/M. Disney/NASA; (g) F. Schweizer (CIW/DTM); (h) NOAO/AURA/NSF.

The major “merger sequence”

Hopkins+08, following Toomre & Toomre 72, Sanders+88



The AGN luminosity function: 
Quasars vs. Seyferts

AGN bolometric luminosity function from Hopkins+07 compilation; 1 Lsun=3.8×1033 erg/s

AGN luminosity function is broad 

- “Quasars”/“QSOs" refer to the most luminous AGN 
- Lower-luminosity AGN referred to as "Seyferts"

QSO: Mrk 231 Seyfert: NGC 6814



Secular AGN fueling in Seyferts
Low-luminosity Seyferts typically not associated with mergers. Instead: 
weaker galaxy-galaxy interactions or secular fueling by bars, spirals, …

Type I: nucleus directly visible 
in the optical 

Type II: AGN nucleus 
obscured by dusty “torus,” 
AGN inferred from off-nuclear 
recombination lines or radio, 
X-rays that pass through the 
torus


