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															Specific	Angular	Momentum	vs	Mass	

	Fall	1983	

		j		=		J/M		α		Mα			with			α		≈		2/3	

	S	and	E	galaxies	offset	by	~6x	

Fall 1983

	Proposed	Connec+on	Between	the		
j	vs	M	Diagram,	B/T	ra+o,	and	Hubble	Type	

Romanowsky & Fall 2012

Hubble	Sequence 

	The	j	vs	M	diagram	is	a	physics-based	alterna+ve		
to	the	morphology-based	Hubble	sequence	

The	j	vs	M	descrip+on	is	more	fundamental:		
(1)	quan+ta+ve,	(2)	robust,	(3)	links	well	with	theory	

Carving through the codes 2017



Galactic angular momentum

																		The	Angular-Momentum	Problem		

				Torrey	et	al	2013		Navarro	et	al	1995	

Galaxy-forma+on	simula+ons	have	struggled	
for	>20	years	to	produce	large	disks.		

Angular momentum catastrophe

Navarro 1995
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We have 4 zoom-ins:

Evolution of angular momentum of galaxy components:  
a study with high-resolution zoom-in simulations of spiral galaxies 

A. Sokolowska 1, P. Capelo 1, L. Mayer 1, M. Fall 2
1 CTAC, University of Zurich 2 STScI, Johns Hopkins University

Fig.1. Illustration of the photometric decomposition. Specific 
angular momentum of stars in the decomposed galaxies at z=0 
vs. the sample of  Fall & Romanowsky (2012). Left: full galaxies 
(circles), right: spheroids (stars) and disks (squares).

Fig.2. Illustration of the kinematic decomposition. In a given 
circularity bin, the fraction w of particles is assigned to a spheroid. 
Then specific angular momentum of stars in the decomposed 
galaxies at z=0 is set against observed galaxies, as in Fig.1.

Fig.4. Time evolution of the specific angular momentum of cold gas 
and stars found in a spherical region around the main progenitor 
(within comoving radial 15 kpc). Data points show a sum of gas and 
stars color-coded with the galaxy’s B/T ratio, all set against Fall & 
Romanowsky (2012) tracks for disks and ellipticals.

Fig.3. Specific angular momentum of stars (blue) and stars with 
cold gas (black) which built the final galaxy at z=0 (E2k, z=0.3). 
Matter in a spherical region around them was traced back to earlier 
snapshots up to z=5 and their angular momentum was measured 
relatively to the halo centers at each z.

GOALS 
➡ investigate the angular momentum evolution of different galaxy 

components 
➡ identify through which processes angular momentum is both 

acquired and lost during galaxy build-up 
➡ how are these processes affected by sub-grid models or different 

assembly histories  
➡ we use 4 simulations of Milky Way mass halos with different sub-

grid physics (and high resolution of 120pc, mSPH=104M⦿)

CONCLUSIONS & PROSPECTS 
➡ two methods of decomposition yield consistent results for 3 

runs; the photometric decomposition of Venus results in a fast-
rotating bulge due to its large scale radius 

➡ overall, disks & bulges have properties akin to those in 
observed local spiral galaxies  

➡ galaxies were built through periods of distinct increases and 
decreases in angular momentum relatively to the centers of 
their progenitors, with consistent decrease at later times, which 
bears further investigation 

➡ on average, galaxies evolve on straight lines in the j/M 
diagrams past major mergers 

➡ frequent mergers bring Venus closer to the track of ellipticals 

REFERENCES 
‣ Guedes, J., Callegari, S., Madau, P., & Mayer, L. 2011, ApJ, 76, 742 (ERIS) 
‣ Bonoli, S., Mayer, L.,Kazantzidis, S., Madau, P., Bellovary, J., Governato, F.2016, MNRAS (EBH) 
‣ Sokolowska, A., Mayer, L., Babul, A., Madau, P. 2015, ApJ, 21, 819 (E2k) 
‣ Romanowsky, A.J., Fall, S.M., 2012, ApJS, 17, 203 
‣ Genel, S., Fall, S. M., Hernquist, L., Vogelsberger, M., Snyder, G. F., Rodriguez-Gomez, V., Sijacki, D., & 

Springel, V. 2015, ApJ, 804, L40  
‣ Agertz O., Kravtsov A. V., 2015, preprint, (arXiv:1509.00853) 

TABLE OF RUNS

Eris
(default)

feedback: blastwave SN, no metal cooling over 104K, Schmidt 
law for SF with a high density threshold, quiet merger history 

EBH default ICs +"Quasar mode" thermal feedback with 
 Bondi-Hoyle accretion

Venus ICs with active merger history, same parameter choice as 
Eris for cooling, SF and feedback

E2k default ICs + CLOUDY metal cooling, higher efficiency of 
SNe, higher SF threshold, new IMF
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Specific angular momentum

Angular momentum in four cosmological zoom-in simulations of galaxies. I 7

I band, depending on the age of the stars of the various
components (Graham & Worley 2008). In general, the
bulge, which is composed of an older stellar population
than that of the disk, will be fainter in optical bands
relative to the disk, irrespective of the underlying mass
ratio of the components. Hence our estimates of the
relative contribution of the two components, which are
based on actual mass density, should be considered as
an upper limit. Indeed in the case of Eris, the B/D ratio
we quote here is higher by a factor of 2 with respect to
the I-band B/D found with galfit (Peng et al. 2002,
2010) after post-processing with the sunrise radiative-
transfer code (Jonsson 2006; Jonsson et al. 2010), in-
cluding dust reddening (Guedes et al. 2011). This sup-
ports the notion that, photometrically, E2k is an almost
bulge-less galaxy as its B/D would be < 0.1 in optical
bands.

4. J⇤–M⇤ DIAGRAMS

In this section, we use the outcome of the preceding
analysis to determine the specific angular momentum of
the disk and bulge, as well as that of the overall stellar
and gas components. In this way, we can compare the
scaling relation between stellar mass and specific angu-
lar momentum with those of observed galaxies, as well
as study the evolution of such relations from high to low
redshifts. This is particularly relevant for the interpre-
tation of the j⇤–M⇤ diagram which has been proposed
as an alternative to the Hubble sequence (Romanowsky
& Fall 2012).

We calculate the specific angular momentum of our
sample of galaxies at z = zend for the entire galaxies
and for their separate components. The specific angular
momentum vector of particle species k is defined as
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where the sums are over each particle i. The particles
within each histogram bin (Figure 1) are assigned to a
spheroid or a disk randomly but in numbers determined
by the weight function w defined in Section 3.

Our results are set against two samples of observed
galaxies. In the left panel of Figure 3, we compare
the total specific angular momentum of the stars in our
galaxies with a sample of galaxies classified by Fall &
Romanowsky (2013) according to their morphologies.
The location of our simulated galaxies on that diagram
is well-aligned with the population of observed disk-
dominated galaxies. Furthermore, in the right panel,
we compare the individual components, i.e. spheroids
(marked as stars) and disks (marked as squares), with
the sample of pure disk galaxies and ellipticals of Fall
& Romanowsky (2013). Upon the decomposition, it
is evident that all simulated galaxies consist of a disk

component with high specific angular momentum and
a spheroidal component with low specific angular mo-
mentum. Moreover, in that respect, the disks of the
simulated galaxies are in perfect agreement with what
is expected of bulgeless galaxies, and their spheroids also
agree well with what is found for ellipticals. The ratio of
specific angular momentum between the corresponding
components ranges from 5.5 to 6.8 (see also Table 2).

As pointed out by Kormendy & Kennicutt (2004),
morphologically bulges are regarded as ellipticals “living
in the middle of a disk”. In practice, this interpretation
might change if a bulge was formed by secular processes
(so-called pseudobulge, discussed more in Appendix A).
Nevertheless, both the total j⇤–M⇤ diagrams, as well as
the dichotomy in the distribution of the specific angular
momentum of the components, confirm that the simu-
lated galaxies do not su↵er from the overcooling problem
or the angular momentum catastrophe (see Section 1),
and can be regarded as good laboratories for in-depth
studies of the angular momentum evolution.

In what follows, we investigate the evolutionary tracks
of the galaxies and their components on the j⇤–M⇤ di-
agram, and also address their dependence on the S/T

ratio. To do so, first we need to decompose our sample
of galaxies at various redshifts. In particular, at high
redshift, this is a non-trivial task, given the complex-
ity of the structure of those galaxies, tidal interactions,
and frequent mergers. We thus study kinematic dia-
grams along with the morphology of both gas and stars
in order to properly interpret the data. Our results are
presented in Figure 4.

In general, upon combining the circularity diagrams
with the morphological data-set, in most of the cases
the S/T decomposition is straightforward. The same
procedure as in the case of the z = zend galaxies is ap-
plied, i.e. based on finding the thin disk in a sphere of
15 comoving kpc encompassing the galaxy. Whenever
the fitting of a Gaussian fails (e.g. for both Venus and
E2k at z = 3), we identify the peak of the circularity dis-
tribution that should correspond to the disk, i.e. near
✏ = 1, and then characterize the disk as the ensemble
of stars distributed symmetrically around the circular-
ity peak (see for example view a for E2k at z = 3 in
Figure 4).

All galaxies exhibit a similar morphology at z = 5,
i.e. they appear to be ellipsoids rather than flat ex-
tended disks, although in the inner 1–2 kpc a flat disk-
like component is already discernible. This and the fact
that their distribution of the circularity parameter peaks
close to 0, lead to the classification of these galaxies at
that stage as spheroid-dominated. The disky component
is approximated by mirroring the distribution around
✏d = 1 as explained above, but with the peculiarity that
at this stage there is no peak at high circularity yet.

8 Soko lowska et al.

Figure 3: Specific angular momentum–mass (j⇤–M⇤) diagrams for stars of the simulated galaxies vs. the sample of
Fall & Romanowsky (2013). Left. The comparison of the total specific angular momentum of the simulated galaxies
with the observed galaxies of various morphological types. Right. Simulated galaxies are kinematically decomposed
into disks (squares) and spheroid (stars) and then compared with the subsample of observed pure disk galaxies (D)
and ellipticals (E).

We caution that the galaxy structure at this redshift
might su↵er from resolution limitations, as the disk scale
length would correspond to only a few gravitational soft-
enings at this epoch (disk sizes are expected to be about
an order of magnitude smaller simply from the scaling
of the halo virial radius with redshift in a ⇤–CDM cos-
mology, see e.g. Mo et al. 1998). Indeed, recent sim-
ulations with much higher resolution (tens of pc) that
stop at z > 5 do find a prominent rotating disk in ha-
los of masses only a few times larger than ours already
at z = 8 (Fiacconi et al. 2016; Pallottini et al. 2016).
However, these simulations also find that the disk is
thick and turbulent, resulting in v/� < 2 for the most
part (where v stands for the magnitude of the veloc-
ity vector and � is the total velocity dispersion), which
supports the notion that the galaxy would be classified
as spheroid-dominated based on our criteria. An early
phase in which a turbulent gas disk results in a thick
primitive stellar disk was already pointed out in Bird
et al. (2013).

In Figure 4, the circularity diagrams of Eris and EBH
have a dominant rotating disk around ✏ ' 0.8, and a
secondary peak near ✏ = 0–0.1 at z = 3. A gaseous disk
is evident and the edge-on view of stars appears flat-
tened, although we witness signs of tidal disturbances
from frequent interactions. This suggests that the galac-
tic structure is continuously evolving at this epoch and

hard to characterize in a simple way. Most of the mass
of Venus and E2k has a low circularity parameter peak-
ing at about ✏s = 0, whereas the secondary peak is
lower. The gaseous disk of Venus is rotating coherently,
whereas the cold gaseous component in E2k appears to
not have an ordered rotation pattern, probably reflect-
ing the stronger e↵ect of feedback on gas dynamics.

By z = 2, all galaxies are already dominated by a
thick disk. The face-on stellar density maps reveal spi-
ral structures present in all of them. By this time, Eris,
E2k, and EBH have already entered a quiescent phase
past the last major merger. Venus, on the other hand,
experiences another major merger at z ⇠ 1. In this case,
as there are two interacting galaxies at very small sepa-
ration, the decomposition of the system is somewhat ar-
bitrary. The circularity diagrams show two clear peaks,
one at about ✏d = 1 and the other at ✏s ' �0.2, thus
we choose to cut the distribution at the minimum be-
tween the two peaks, i.e. at around ✏ = 0.5. Despite
the ongoing stellar merger (views c–d), the gaseous disk
appears flat (b). The spiral structure of E2k vanished
giving way to a prominent bar. The circularity distri-
bution, although strongly asymmetrical, shows only one
peak near ✏d = 0.8.

From z = 0.5 to 0, the galaxies generally appear sim-
ilar. The triple-component distribution of Venus settles
into a double-component one by z = 0 with an extended

data: Fall & Romanowsky 2013
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Figure 5: Specific angular momentum evolution of various components on the j–M diagram. The gas considered here
is cold (i.e. T < 104 K). “FR disk” and “FR ellip.” denote best-fit tracks for disk galaxies and ellipticals of Fall & Ro-
manowsky (2013). Each data-point corresponds to the following redshifts (left to right): z = (5, 4, 3, 2, 1.5, 1, 0.7, 0.5, 0)
and represents the joint specific angular momentum of cold gas and stars (for EBH and E2k, respectively, the z = 5
and z = 0 data-points are missing). The color-coding ascribed to the data-points reflects the S/T ratios of the galaxies
at a given redshift.

thetical galaxy with the same specific angular momen-
tum as Venus at z = 0 has j = jVen = 0.23jpd, where
jpd is the specific angular momentum of pure disks at
M⇤ = M⇤,Ven. The corresponding retention factor is
⌘ = j/jDM = 0.23⌘pd ' 0.2, assuming ⌘pd ' 80% (Fall
& Romanowsky 2013), consistent with expectations.

The time-dependence of the retention factor ⌘j for
the baryonic and dark matter within the virial radius
of a galaxy is shown in Figure 7. The color-coding
is consistent with the previous figure. For our sam-
ple of simulated galaxies, the stellar retention factor
is ⌘j ' (0.7, 0.8, 0.3, 0.9) at zend for Eris, E2k, Venus,
and EBH, respectively. Total gas and cold gas are en-
dowed with a specific angular momentum that is 2–6
times higher than that of dark matter (the peak of Venus
attains ⌘j = 10 in a major merger). Generally, the reten-
tion factor of the stellar component is confined within
0.1–2 in all cases but most of the time below z = 3 it does

not exceed 1.5 or fall below 0.5 in the runs with a quiet
merger history. The stellar retention factor in all runs is
remarkably constant below z = 1, which agrees with the
theoretical prediction of jdm evolving as M2/3 similarly
to baryons. Interestingly, despite the relatively violent
merger history, the retention factor of stars in Venus at
z = 0 is almost the same as originally (here z = 6).

Given the high resolution of our simulations, we can
use the results of the last two sections – careful decom-
position and the calculation of the specific angular mo-
mentum of the stellar components – to characterize the
individual stellar retention factors of disks and spheroids
at the time steps discussed in Section 4. In Figure 8, we
present for the first time the retention factors of disks
and bulges (spheroids) down to z = 5. The retention
factor of galactic disks is remarkably constant, ranging
from 0.3–1.5 over more than 12 Gyr of evolution. This
means that the evolution of the rotationally supported

Evolution of  the specific angular momentum
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jpd is the specific angular momentum of pure disks at
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Figure 7: Evolution of the retention factor of the di↵erent components of our four galaxies: stars, cold gas (T < 104 K),
all gas, and stars with cold gas within the virial radius at a given redshift. Available data for EBH and E2k exist only
for z < 4 and z > 0.3, respectively.

Figure 8: Stellar retention factor for disks (left panel) and spheroids (right panel) calculated at a few redshifts, following
the kinematic decomposition covered in Section 4. Values for di↵erent components are marked with distinctive symbols:
disks with crosses and spheroids with open circles for spheroids). The lines denote the interpolations between these
data points.
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Retention factors for disks and spheroids

Angular momentum in four cosmological zoom-in simulations of galaxies. I 13

Figure 7: Evolution of the retention factor of the di↵erent components of our four galaxies: stars, cold gas (T < 104 K),
all gas, and stars with cold gas within the virial radius at a given redshift. Available data for EBH and E2k exist only
for z < 4 and z > 0.3, respectively.
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Figure 8: Stellar retention factor for disks (left panel) and spheroids (right panel) calculated at a few redshifts, following
the kinematic decomposition covered in Section 4. Values for di↵erent components are marked with distinctive symbols:
disks with crosses and spheroids with open circles for spheroids). The lines denote the interpolations between these
data points.
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Conclusions

    our normal galaxies free of  AM catastrophe  

    bulges and disks separated by a factor of  5-6 in j-M 
diagrams, same as pure disks and pure ellipticals 
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Conclusions

    our normal galaxies free of  AM catastrophe  

    bulges and disks separated by a factor of  5-6 in j-M 
diagrams, same as pure disks and pure ellipticals 

    evolutionary tracks j~ M2/3 in single objects with stable 
morphologies 

    retention factors depend weakly on redshift 

    extracted disks “conserve” the AM of  their parent halos
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