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- long-standing assumption (Fall & Efstathiou80) in SAMs:
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- evidence: (1) λg and λh (                       (Bullock+01)) follow similar 
log-normal distributions w. <λ>≈0.035; (2) P(0.5λhRvir|Mstar) 
agrees with observed Re distribution (R. Somerville’s talk)
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test         using zoom-in hydro simulations
- VELA: 34 gals, z≥1 (bracketing Milky Way if run to z=0), ART, 

mcell≈8.3x104Msun(dm), 103Msun(gas), Єcell≈17-35pc

- NIHAO: 13 Milky-Way-size gals, run to z=0, GASOLINE, 
mp≈1.7x106Msun (dm), 3.2x105Msun (gas), Є≈400pc, much 
higher density threshold for SF and much stronger fdbk

- (tentative) Illustris(-TNG) simulation

�g
?' �h
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<λgas> = 0.032, σlogλ = 0.26; higher in higher Mvir

<λstar> = 0.007, σlogλ = 0.37; stronger Mvir-dependence

λ distributions

<λhalo> = 0.038, σlogλ = 0.25; little Mvir-dependence
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λbaryons measured within 0.1Rvir 



λgal - λhalo correlation
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λgal - λhalo correlation
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At z≥1, no correlation between λg and λh (b≈-1)

log �g = a+ (1 + b) log �h
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λgal - λhalo correlation

No correlation between λgal and λhalo at z≥1 in different Mvir, z bins

Mvir ≈ 1011.4Msun: 
characteristic mass 
at which galaxies 
“compactify” to form 
“blue nuggets” (BN)

log �g = a+ (1 + b) log �h

regression line:
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λgal - λhalo correlation

No correlation between λgal and λhalo at z≥1 in different Mvir, z bins
λgal is higher for higher-Mvir (post-compaction) systems

Mvir ≈ 1011.4Msun: 
characteristic mass 
at which galaxies 
“compactify” to form 
“blue nuggets” (BN)

log �g = a+ (1 + b) log �h

regression line:
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λgal - λhalo correlation

the same, lack of correlation at z≥1
a correlation develops towards lower z (-1<b<0)
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log �g = a+ (1 + b) log �hregression line:
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λgal - λhalo non-correlation
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λgal - λhalo non-correlation
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λgal - λhalo non-correlation
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To explain the non-correlation requires mechanisms for initially high-λh 
systems to lose sAM in baryons and low-λh system to gain sAM in baryons, 
i.e., anti-correlation between λg/λh and λh

- change of 
baryon’s spin wrt 
that at infall
- may depend 
systematically on λh
- supposeh�g
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-1<b<0 at low-z

log �g = a+ (1 + b) log �h
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possible reasons for a λg/λh - λh anti-correlation
galaxy compaction (Dekel & Burkert 14)

- a system starts with low λh and thus low λgas
- low λgas -> high Σ1kpc (compaction)
- “Blue Nugget” (BN) forms -> high central SFR, gas depletion
- freshly accreted gas with high λgas forms a ring 
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mergers
- halo mergers cause λh to rise 
(orbital AM dominating λh), while 
λg is untouched yet
- halo re-virializes -> λh drops, 
while λg temporarily rises due to 
the subsequent galaxy merger

possible reasons for a λg/λh - λh anti-correlation
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- removing post-halo-merger steps only gives a weak correlation, 



- mergers alone cannot explain the non-correlation between λg and λh 
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other possible reasons for smearing out the λg - λh correlation
Angular-momentum buildup in galaxies 2109

Figure 20. Origin of angular momentum in galaxies fed by cold streams
in four steps. Phase I is the linear TTT phase, occurring in the cosmic web
outside the halo, where the thin, elongated cold streams acquire more sAM
than the dark matter, expressed as impact parameters. Phase II is the transport
phase, where the streams flow roughly along straight lines down to ∼0.3Rv.
Phase III is the strong-torque phase, in a tilted, inflowing, extended ring at
(0.1–0.3)Rv. Phase IV involves the inner disc and the growing bulge, where
the final rearrangement of AM occurs due to VDI torques and outflows.

impact parameters with respect to the galaxy centre. The dominant
stream typically develops an impact parameter of ∼0.3Rv, while the
second and third streams have smaller impact parameters, possibly
counter-rotating. Phase II involves the coherent transport of cold-
gas mass and AM into the halo and through its outer regions. While
the DM mixes, the cold streams remain coherent and keep a roughly
constant velocity and impact parameter, thus largely preserving AM.
The spin parameter of the cold gas in the halo is ∼3 times larger
than that of the DM. The pericentre of the dominant stream dictates
the radius of zone III, where the streams dissipate, bend, and settle
into an extended ring, a perturbed non-uniform rotating pattern in
the greater vicinity of the inner disc.5 The plane of the outer ring is
dictated by the original AM of the dominant stream, which could be
tilted with respect to the inner disc (Danovich et al. 2012). Strong
torques, largely exerted by the inner disc, cause AM exchange that
allows inflow towards the inner disc within less than an orbital time
and a gradual alignment with the inner disc. The AM lost from
the inspiralling cold gas can go to outflowing gas and to the DM.
Finally, there are AM adjustments within the inner disc due to VDI
and outflows, which have not been addressed in detail here.

The potential observable properties of the inflowing cold-gas
streams through the outer halo have been discussed elsewhere, in
absorption (Faucher-Giguère & Kereš 2011; Fumagalli et al. 2011,
2014; Goerdt et al. 2012), and in Lyman α emission (Dijkstra &
Loeb 2009; Goerdt et al. 2010). The most practical observable
prediction is the existence of an extended rotating ring, extending
from ∼10 to ∼30 kpc. The extended ring tends to be tilted relative to
the inner disc plane, with the tilt increasing with radius, reaching an
orientation that is only poorly correlated with the disc orientation.

The internal structure of the extended ring is expected to be
filamentary, clumpy, and the gas actually occupies only a fraction
of the disc area. About 58 per cent of the lines of sight are of very
low H I column densities. However, about 30 per cent of the lines of

5 We use the terminology of ‘outer tilted ring’ in order to distinguish this
new feature from the ‘inner disc’, but the outer ring could sometimes be
referred to as an ‘outer tilted disc’, as the ‘ring’ spirals in the inner disc and
the borders between the zones are not always well defined.

sight are above a column density of 2 × 1020 H cm−2 and are thus
observable as damped Lyman α systems. The metallicity of the cold
gas in the extended ring is predicted to be about Z ≃ 0.1 solar, in the
ball park of the observed metallicities in damped Lyman α systems
(Fumagalli et al. 2014). These estimates are valid on average for the
mass and redshift ranges studied here and for the feedback used, and
should therefore be considered as a preliminary proof of concept.

There are preliminary observational indications consistent with
an extended ring. Bouché et al. (2013) detected in a z = 2.3 galaxy of
an estimated virial mass 1011 M⊙ a low-metallicity cold-gas absorp-
tion system at a projected distance of 26 kpc from the centre, namely
about a third of the virial radius, with a radial velocity of 180 km s−1

relative to the centre-of-mass velocity, namely consistent with a
close-to-circular motion. A detection of low-metallicity CGM gas
at 54 kpc from the centre of a z = 2.4 galaxy is also reported by
Crighton, Hennawi & Prochaska (2013). Observed Mg II absorption
lines at large radii in intermediate-redshift galaxies (z < 1) indi-
cate velocities consistent with rotation in terms of magnitude and
in terms of residing in one side of the galaxy systemic velocity,
typically aligned with one arm of the rotation curve (Steidel et al.
2002; Kacprzak et al. 2010).

We found significant counter rotation in the incoming streams of
cold gas, at an average level of 75 per cent of its net AM amplitude,
which in 15–20 per cent of the cases flips the gas-disc spin in one
disc orbital time. This can have important effects on stimulating
VDI and triggering a compaction into a ‘blue nugget followed by
quenching to a ‘red nugget’ (Zolotov et al. 2014). Disc shrinkage due
to counter rotation has been demonstrated in idealized simulations
of proto-stellar discs (Dyda et al. 2015).

Counter-rotating stellar components are expected in the disc and
its greater environment, reminiscent of the distinct cold streams with
opposite impact parameters. Mutually counter-rotating streams tend
to dissipate at inner radii and coalesce into one coherently rotating
disc, but stars formed prior to this coalescence may end up in
mutually counter-rotating discs in the same galaxy. These could
dominate at different radii and be tilted relative to each other, or
they may reside in the same disc structure. Observational evidence
for such counter-rotating discs are reported and discussed (Rubin,
Graham & Kenney 1992; Prada & Gutiérrez 1999; Algorry et al.
2013; Corsini 2014, and references therein).

Preliminary comparisons of the results from the current simula-
tions and from a new suite of simulations with higher resolution,
lower SFR efficiency and an additional radiative stellar feedback
reveal that our main results are robust Section 7. The stronger feed-
back tends to reduce the bulge-to-disc ratio by ∼20 per cent and
sometimes make the disc more extended, with a spin parameter
higher by ∼50 per cent for the galaxy within the disc radius Rd,
but only by ∼8 per cent inside 0.1Rv. However, the feedback-driven
winds tend to flow perpendicular to the disc and have only weak
interaction with the instreaming cold gas (DeGraf et al., in prepa-
ration). They therefore have a rather weak effect on the AM of the
outer ring in the inner halo, and an even weaker effect on the in-
streaming cold gas in the halo and outside it. The sensitivity of the
galaxy AM to feedback strength, including AGN feedback, is to be
addressed in detail in a future study. We note that feedback is likely
to have a stronger effect on the AM in less massive galaxies, dwarfs
or high-redshift building blocks of massive galaxies (e.g. Dekel &
Silk 1986; Maller & Dekel 2002; Governato et al. 2010).

In this work, we have made only limited steps towards a com-
prehensive study of the presented picture for AM buildup in
high-redshift massive galaxies. Future work, analytic and using
simulations, should complete the missing details. For example, the
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Figure 20. Origin of angular momentum in galaxies fed by cold streams
in four steps. Phase I is the linear TTT phase, occurring in the cosmic web
outside the halo, where the thin, elongated cold streams acquire more sAM
than the dark matter, expressed as impact parameters. Phase II is the transport
phase, where the streams flow roughly along straight lines down to ∼0.3Rv.
Phase III is the strong-torque phase, in a tilted, inflowing, extended ring at
(0.1–0.3)Rv. Phase IV involves the inner disc and the growing bulge, where
the final rearrangement of AM occurs due to VDI torques and outflows.

impact parameters with respect to the galaxy centre. The dominant
stream typically develops an impact parameter of ∼0.3Rv, while the
second and third streams have smaller impact parameters, possibly
counter-rotating. Phase II involves the coherent transport of cold-
gas mass and AM into the halo and through its outer regions. While
the DM mixes, the cold streams remain coherent and keep a roughly
constant velocity and impact parameter, thus largely preserving AM.
The spin parameter of the cold gas in the halo is ∼3 times larger
than that of the DM. The pericentre of the dominant stream dictates
the radius of zone III, where the streams dissipate, bend, and settle
into an extended ring, a perturbed non-uniform rotating pattern in
the greater vicinity of the inner disc.5 The plane of the outer ring is
dictated by the original AM of the dominant stream, which could be
tilted with respect to the inner disc (Danovich et al. 2012). Strong
torques, largely exerted by the inner disc, cause AM exchange that
allows inflow towards the inner disc within less than an orbital time
and a gradual alignment with the inner disc. The AM lost from
the inspiralling cold gas can go to outflowing gas and to the DM.
Finally, there are AM adjustments within the inner disc due to VDI
and outflows, which have not been addressed in detail here.

The potential observable properties of the inflowing cold-gas
streams through the outer halo have been discussed elsewhere, in
absorption (Faucher-Giguère & Kereš 2011; Fumagalli et al. 2011,
2014; Goerdt et al. 2012), and in Lyman α emission (Dijkstra &
Loeb 2009; Goerdt et al. 2010). The most practical observable
prediction is the existence of an extended rotating ring, extending
from ∼10 to ∼30 kpc. The extended ring tends to be tilted relative to
the inner disc plane, with the tilt increasing with radius, reaching an
orientation that is only poorly correlated with the disc orientation.

The internal structure of the extended ring is expected to be
filamentary, clumpy, and the gas actually occupies only a fraction
of the disc area. About 58 per cent of the lines of sight are of very
low H I column densities. However, about 30 per cent of the lines of

5 We use the terminology of ‘outer tilted ring’ in order to distinguish this
new feature from the ‘inner disc’, but the outer ring could sometimes be
referred to as an ‘outer tilted disc’, as the ‘ring’ spirals in the inner disc and
the borders between the zones are not always well defined.

sight are above a column density of 2 × 1020 H cm−2 and are thus
observable as damped Lyman α systems. The metallicity of the cold
gas in the extended ring is predicted to be about Z ≃ 0.1 solar, in the
ball park of the observed metallicities in damped Lyman α systems
(Fumagalli et al. 2014). These estimates are valid on average for the
mass and redshift ranges studied here and for the feedback used, and
should therefore be considered as a preliminary proof of concept.

There are preliminary observational indications consistent with
an extended ring. Bouché et al. (2013) detected in a z = 2.3 galaxy of
an estimated virial mass 1011 M⊙ a low-metallicity cold-gas absorp-
tion system at a projected distance of 26 kpc from the centre, namely
about a third of the virial radius, with a radial velocity of 180 km s−1

relative to the centre-of-mass velocity, namely consistent with a
close-to-circular motion. A detection of low-metallicity CGM gas
at 54 kpc from the centre of a z = 2.4 galaxy is also reported by
Crighton, Hennawi & Prochaska (2013). Observed Mg II absorption
lines at large radii in intermediate-redshift galaxies (z < 1) indi-
cate velocities consistent with rotation in terms of magnitude and
in terms of residing in one side of the galaxy systemic velocity,
typically aligned with one arm of the rotation curve (Steidel et al.
2002; Kacprzak et al. 2010).

We found significant counter rotation in the incoming streams of
cold gas, at an average level of 75 per cent of its net AM amplitude,
which in 15–20 per cent of the cases flips the gas-disc spin in one
disc orbital time. This can have important effects on stimulating
VDI and triggering a compaction into a ‘blue nugget followed by
quenching to a ‘red nugget’ (Zolotov et al. 2014). Disc shrinkage due
to counter rotation has been demonstrated in idealized simulations
of proto-stellar discs (Dyda et al. 2015).

Counter-rotating stellar components are expected in the disc and
its greater environment, reminiscent of the distinct cold streams with
opposite impact parameters. Mutually counter-rotating streams tend
to dissipate at inner radii and coalesce into one coherently rotating
disc, but stars formed prior to this coalescence may end up in
mutually counter-rotating discs in the same galaxy. These could
dominate at different radii and be tilted relative to each other, or
they may reside in the same disc structure. Observational evidence
for such counter-rotating discs are reported and discussed (Rubin,
Graham & Kenney 1992; Prada & Gutiérrez 1999; Algorry et al.
2013; Corsini 2014, and references therein).

Preliminary comparisons of the results from the current simula-
tions and from a new suite of simulations with higher resolution,
lower SFR efficiency and an additional radiative stellar feedback
reveal that our main results are robust Section 7. The stronger feed-
back tends to reduce the bulge-to-disc ratio by ∼20 per cent and
sometimes make the disc more extended, with a spin parameter
higher by ∼50 per cent for the galaxy within the disc radius Rd,
but only by ∼8 per cent inside 0.1Rv. However, the feedback-driven
winds tend to flow perpendicular to the disc and have only weak
interaction with the instreaming cold gas (DeGraf et al., in prepa-
ration). They therefore have a rather weak effect on the AM of the
outer ring in the inner halo, and an even weaker effect on the in-
streaming cold gas in the halo and outside it. The sensitivity of the
galaxy AM to feedback strength, including AGN feedback, is to be
addressed in detail in a future study. We note that feedback is likely
to have a stronger effect on the AM in less massive galaxies, dwarfs
or high-redshift building blocks of massive galaxies (e.g. Dekel &
Silk 1986; Maller & Dekel 2002; Governato et al. 2010).

In this work, we have made only limited steps towards a com-
prehensive study of the presented picture for AM buildup in
high-redshift massive galaxies. Future work, analytic and using
simulations, should complete the missing details. For example, the
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Figure 20. Origin of angular momentum in galaxies fed by cold streams
in four steps. Phase I is the linear TTT phase, occurring in the cosmic web
outside the halo, where the thin, elongated cold streams acquire more sAM
than the dark matter, expressed as impact parameters. Phase II is the transport
phase, where the streams flow roughly along straight lines down to ∼0.3Rv.
Phase III is the strong-torque phase, in a tilted, inflowing, extended ring at
(0.1–0.3)Rv. Phase IV involves the inner disc and the growing bulge, where
the final rearrangement of AM occurs due to VDI torques and outflows.

impact parameters with respect to the galaxy centre. The dominant
stream typically develops an impact parameter of ∼0.3Rv, while the
second and third streams have smaller impact parameters, possibly
counter-rotating. Phase II involves the coherent transport of cold-
gas mass and AM into the halo and through its outer regions. While
the DM mixes, the cold streams remain coherent and keep a roughly
constant velocity and impact parameter, thus largely preserving AM.
The spin parameter of the cold gas in the halo is ∼3 times larger
than that of the DM. The pericentre of the dominant stream dictates
the radius of zone III, where the streams dissipate, bend, and settle
into an extended ring, a perturbed non-uniform rotating pattern in
the greater vicinity of the inner disc.5 The plane of the outer ring is
dictated by the original AM of the dominant stream, which could be
tilted with respect to the inner disc (Danovich et al. 2012). Strong
torques, largely exerted by the inner disc, cause AM exchange that
allows inflow towards the inner disc within less than an orbital time
and a gradual alignment with the inner disc. The AM lost from
the inspiralling cold gas can go to outflowing gas and to the DM.
Finally, there are AM adjustments within the inner disc due to VDI
and outflows, which have not been addressed in detail here.

The potential observable properties of the inflowing cold-gas
streams through the outer halo have been discussed elsewhere, in
absorption (Faucher-Giguère & Kereš 2011; Fumagalli et al. 2011,
2014; Goerdt et al. 2012), and in Lyman α emission (Dijkstra &
Loeb 2009; Goerdt et al. 2010). The most practical observable
prediction is the existence of an extended rotating ring, extending
from ∼10 to ∼30 kpc. The extended ring tends to be tilted relative to
the inner disc plane, with the tilt increasing with radius, reaching an
orientation that is only poorly correlated with the disc orientation.

The internal structure of the extended ring is expected to be
filamentary, clumpy, and the gas actually occupies only a fraction
of the disc area. About 58 per cent of the lines of sight are of very
low H I column densities. However, about 30 per cent of the lines of

5 We use the terminology of ‘outer tilted ring’ in order to distinguish this
new feature from the ‘inner disc’, but the outer ring could sometimes be
referred to as an ‘outer tilted disc’, as the ‘ring’ spirals in the inner disc and
the borders between the zones are not always well defined.

sight are above a column density of 2 × 1020 H cm−2 and are thus
observable as damped Lyman α systems. The metallicity of the cold
gas in the extended ring is predicted to be about Z ≃ 0.1 solar, in the
ball park of the observed metallicities in damped Lyman α systems
(Fumagalli et al. 2014). These estimates are valid on average for the
mass and redshift ranges studied here and for the feedback used, and
should therefore be considered as a preliminary proof of concept.

There are preliminary observational indications consistent with
an extended ring. Bouché et al. (2013) detected in a z = 2.3 galaxy of
an estimated virial mass 1011 M⊙ a low-metallicity cold-gas absorp-
tion system at a projected distance of 26 kpc from the centre, namely
about a third of the virial radius, with a radial velocity of 180 km s−1

relative to the centre-of-mass velocity, namely consistent with a
close-to-circular motion. A detection of low-metallicity CGM gas
at 54 kpc from the centre of a z = 2.4 galaxy is also reported by
Crighton, Hennawi & Prochaska (2013). Observed Mg II absorption
lines at large radii in intermediate-redshift galaxies (z < 1) indi-
cate velocities consistent with rotation in terms of magnitude and
in terms of residing in one side of the galaxy systemic velocity,
typically aligned with one arm of the rotation curve (Steidel et al.
2002; Kacprzak et al. 2010).

We found significant counter rotation in the incoming streams of
cold gas, at an average level of 75 per cent of its net AM amplitude,
which in 15–20 per cent of the cases flips the gas-disc spin in one
disc orbital time. This can have important effects on stimulating
VDI and triggering a compaction into a ‘blue nugget followed by
quenching to a ‘red nugget’ (Zolotov et al. 2014). Disc shrinkage due
to counter rotation has been demonstrated in idealized simulations
of proto-stellar discs (Dyda et al. 2015).

Counter-rotating stellar components are expected in the disc and
its greater environment, reminiscent of the distinct cold streams with
opposite impact parameters. Mutually counter-rotating streams tend
to dissipate at inner radii and coalesce into one coherently rotating
disc, but stars formed prior to this coalescence may end up in
mutually counter-rotating discs in the same galaxy. These could
dominate at different radii and be tilted relative to each other, or
they may reside in the same disc structure. Observational evidence
for such counter-rotating discs are reported and discussed (Rubin,
Graham & Kenney 1992; Prada & Gutiérrez 1999; Algorry et al.
2013; Corsini 2014, and references therein).

Preliminary comparisons of the results from the current simula-
tions and from a new suite of simulations with higher resolution,
lower SFR efficiency and an additional radiative stellar feedback
reveal that our main results are robust Section 7. The stronger feed-
back tends to reduce the bulge-to-disc ratio by ∼20 per cent and
sometimes make the disc more extended, with a spin parameter
higher by ∼50 per cent for the galaxy within the disc radius Rd,
but only by ∼8 per cent inside 0.1Rv. However, the feedback-driven
winds tend to flow perpendicular to the disc and have only weak
interaction with the instreaming cold gas (DeGraf et al., in prepa-
ration). They therefore have a rather weak effect on the AM of the
outer ring in the inner halo, and an even weaker effect on the in-
streaming cold gas in the halo and outside it. The sensitivity of the
galaxy AM to feedback strength, including AGN feedback, is to be
addressed in detail in a future study. We note that feedback is likely
to have a stronger effect on the AM in less massive galaxies, dwarfs
or high-redshift building blocks of massive galaxies (e.g. Dekel &
Silk 1986; Maller & Dekel 2002; Governato et al. 2010).

In this work, we have made only limited steps towards a com-
prehensive study of the presented picture for AM buildup in
high-redshift massive galaxies. Future work, analytic and using
simulations, should complete the missing details. For example, the
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Figure 20. Origin of angular momentum in galaxies fed by cold streams
in four steps. Phase I is the linear TTT phase, occurring in the cosmic web
outside the halo, where the thin, elongated cold streams acquire more sAM
than the dark matter, expressed as impact parameters. Phase II is the transport
phase, where the streams flow roughly along straight lines down to ∼0.3Rv.
Phase III is the strong-torque phase, in a tilted, inflowing, extended ring at
(0.1–0.3)Rv. Phase IV involves the inner disc and the growing bulge, where
the final rearrangement of AM occurs due to VDI torques and outflows.

impact parameters with respect to the galaxy centre. The dominant
stream typically develops an impact parameter of ∼0.3Rv, while the
second and third streams have smaller impact parameters, possibly
counter-rotating. Phase II involves the coherent transport of cold-
gas mass and AM into the halo and through its outer regions. While
the DM mixes, the cold streams remain coherent and keep a roughly
constant velocity and impact parameter, thus largely preserving AM.
The spin parameter of the cold gas in the halo is ∼3 times larger
than that of the DM. The pericentre of the dominant stream dictates
the radius of zone III, where the streams dissipate, bend, and settle
into an extended ring, a perturbed non-uniform rotating pattern in
the greater vicinity of the inner disc.5 The plane of the outer ring is
dictated by the original AM of the dominant stream, which could be
tilted with respect to the inner disc (Danovich et al. 2012). Strong
torques, largely exerted by the inner disc, cause AM exchange that
allows inflow towards the inner disc within less than an orbital time
and a gradual alignment with the inner disc. The AM lost from
the inspiralling cold gas can go to outflowing gas and to the DM.
Finally, there are AM adjustments within the inner disc due to VDI
and outflows, which have not been addressed in detail here.

The potential observable properties of the inflowing cold-gas
streams through the outer halo have been discussed elsewhere, in
absorption (Faucher-Giguère & Kereš 2011; Fumagalli et al. 2011,
2014; Goerdt et al. 2012), and in Lyman α emission (Dijkstra &
Loeb 2009; Goerdt et al. 2010). The most practical observable
prediction is the existence of an extended rotating ring, extending
from ∼10 to ∼30 kpc. The extended ring tends to be tilted relative to
the inner disc plane, with the tilt increasing with radius, reaching an
orientation that is only poorly correlated with the disc orientation.

The internal structure of the extended ring is expected to be
filamentary, clumpy, and the gas actually occupies only a fraction
of the disc area. About 58 per cent of the lines of sight are of very
low H I column densities. However, about 30 per cent of the lines of

5 We use the terminology of ‘outer tilted ring’ in order to distinguish this
new feature from the ‘inner disc’, but the outer ring could sometimes be
referred to as an ‘outer tilted disc’, as the ‘ring’ spirals in the inner disc and
the borders between the zones are not always well defined.

sight are above a column density of 2 × 1020 H cm−2 and are thus
observable as damped Lyman α systems. The metallicity of the cold
gas in the extended ring is predicted to be about Z ≃ 0.1 solar, in the
ball park of the observed metallicities in damped Lyman α systems
(Fumagalli et al. 2014). These estimates are valid on average for the
mass and redshift ranges studied here and for the feedback used, and
should therefore be considered as a preliminary proof of concept.

There are preliminary observational indications consistent with
an extended ring. Bouché et al. (2013) detected in a z = 2.3 galaxy of
an estimated virial mass 1011 M⊙ a low-metallicity cold-gas absorp-
tion system at a projected distance of 26 kpc from the centre, namely
about a third of the virial radius, with a radial velocity of 180 km s−1

relative to the centre-of-mass velocity, namely consistent with a
close-to-circular motion. A detection of low-metallicity CGM gas
at 54 kpc from the centre of a z = 2.4 galaxy is also reported by
Crighton, Hennawi & Prochaska (2013). Observed Mg II absorption
lines at large radii in intermediate-redshift galaxies (z < 1) indi-
cate velocities consistent with rotation in terms of magnitude and
in terms of residing in one side of the galaxy systemic velocity,
typically aligned with one arm of the rotation curve (Steidel et al.
2002; Kacprzak et al. 2010).

We found significant counter rotation in the incoming streams of
cold gas, at an average level of 75 per cent of its net AM amplitude,
which in 15–20 per cent of the cases flips the gas-disc spin in one
disc orbital time. This can have important effects on stimulating
VDI and triggering a compaction into a ‘blue nugget followed by
quenching to a ‘red nugget’ (Zolotov et al. 2014). Disc shrinkage due
to counter rotation has been demonstrated in idealized simulations
of proto-stellar discs (Dyda et al. 2015).

Counter-rotating stellar components are expected in the disc and
its greater environment, reminiscent of the distinct cold streams with
opposite impact parameters. Mutually counter-rotating streams tend
to dissipate at inner radii and coalesce into one coherently rotating
disc, but stars formed prior to this coalescence may end up in
mutually counter-rotating discs in the same galaxy. These could
dominate at different radii and be tilted relative to each other, or
they may reside in the same disc structure. Observational evidence
for such counter-rotating discs are reported and discussed (Rubin,
Graham & Kenney 1992; Prada & Gutiérrez 1999; Algorry et al.
2013; Corsini 2014, and references therein).

Preliminary comparisons of the results from the current simula-
tions and from a new suite of simulations with higher resolution,
lower SFR efficiency and an additional radiative stellar feedback
reveal that our main results are robust Section 7. The stronger feed-
back tends to reduce the bulge-to-disc ratio by ∼20 per cent and
sometimes make the disc more extended, with a spin parameter
higher by ∼50 per cent for the galaxy within the disc radius Rd,
but only by ∼8 per cent inside 0.1Rv. However, the feedback-driven
winds tend to flow perpendicular to the disc and have only weak
interaction with the instreaming cold gas (DeGraf et al., in prepa-
ration). They therefore have a rather weak effect on the AM of the
outer ring in the inner halo, and an even weaker effect on the in-
streaming cold gas in the halo and outside it. The sensitivity of the
galaxy AM to feedback strength, including AGN feedback, is to be
addressed in detail in a future study. We note that feedback is likely
to have a stronger effect on the AM in less massive galaxies, dwarfs
or high-redshift building blocks of massive galaxies (e.g. Dekel &
Silk 1986; Maller & Dekel 2002; Governato et al. 2010).

In this work, we have made only limited steps towards a com-
prehensive study of the presented picture for AM buildup in
high-redshift massive galaxies. Future work, analytic and using
simulations, should complete the missing details. For example, the
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Figure 20. Origin of angular momentum in galaxies fed by cold streams
in four steps. Phase I is the linear TTT phase, occurring in the cosmic web
outside the halo, where the thin, elongated cold streams acquire more sAM
than the dark matter, expressed as impact parameters. Phase II is the transport
phase, where the streams flow roughly along straight lines down to ∼0.3Rv.
Phase III is the strong-torque phase, in a tilted, inflowing, extended ring at
(0.1–0.3)Rv. Phase IV involves the inner disc and the growing bulge, where
the final rearrangement of AM occurs due to VDI torques and outflows.

impact parameters with respect to the galaxy centre. The dominant
stream typically develops an impact parameter of ∼0.3Rv, while the
second and third streams have smaller impact parameters, possibly
counter-rotating. Phase II involves the coherent transport of cold-
gas mass and AM into the halo and through its outer regions. While
the DM mixes, the cold streams remain coherent and keep a roughly
constant velocity and impact parameter, thus largely preserving AM.
The spin parameter of the cold gas in the halo is ∼3 times larger
than that of the DM. The pericentre of the dominant stream dictates
the radius of zone III, where the streams dissipate, bend, and settle
into an extended ring, a perturbed non-uniform rotating pattern in
the greater vicinity of the inner disc.5 The plane of the outer ring is
dictated by the original AM of the dominant stream, which could be
tilted with respect to the inner disc (Danovich et al. 2012). Strong
torques, largely exerted by the inner disc, cause AM exchange that
allows inflow towards the inner disc within less than an orbital time
and a gradual alignment with the inner disc. The AM lost from
the inspiralling cold gas can go to outflowing gas and to the DM.
Finally, there are AM adjustments within the inner disc due to VDI
and outflows, which have not been addressed in detail here.

The potential observable properties of the inflowing cold-gas
streams through the outer halo have been discussed elsewhere, in
absorption (Faucher-Giguère & Kereš 2011; Fumagalli et al. 2011,
2014; Goerdt et al. 2012), and in Lyman α emission (Dijkstra &
Loeb 2009; Goerdt et al. 2010). The most practical observable
prediction is the existence of an extended rotating ring, extending
from ∼10 to ∼30 kpc. The extended ring tends to be tilted relative to
the inner disc plane, with the tilt increasing with radius, reaching an
orientation that is only poorly correlated with the disc orientation.

The internal structure of the extended ring is expected to be
filamentary, clumpy, and the gas actually occupies only a fraction
of the disc area. About 58 per cent of the lines of sight are of very
low H I column densities. However, about 30 per cent of the lines of

5 We use the terminology of ‘outer tilted ring’ in order to distinguish this
new feature from the ‘inner disc’, but the outer ring could sometimes be
referred to as an ‘outer tilted disc’, as the ‘ring’ spirals in the inner disc and
the borders between the zones are not always well defined.

sight are above a column density of 2 × 1020 H cm−2 and are thus
observable as damped Lyman α systems. The metallicity of the cold
gas in the extended ring is predicted to be about Z ≃ 0.1 solar, in the
ball park of the observed metallicities in damped Lyman α systems
(Fumagalli et al. 2014). These estimates are valid on average for the
mass and redshift ranges studied here and for the feedback used, and
should therefore be considered as a preliminary proof of concept.

There are preliminary observational indications consistent with
an extended ring. Bouché et al. (2013) detected in a z = 2.3 galaxy of
an estimated virial mass 1011 M⊙ a low-metallicity cold-gas absorp-
tion system at a projected distance of 26 kpc from the centre, namely
about a third of the virial radius, with a radial velocity of 180 km s−1

relative to the centre-of-mass velocity, namely consistent with a
close-to-circular motion. A detection of low-metallicity CGM gas
at 54 kpc from the centre of a z = 2.4 galaxy is also reported by
Crighton, Hennawi & Prochaska (2013). Observed Mg II absorption
lines at large radii in intermediate-redshift galaxies (z < 1) indi-
cate velocities consistent with rotation in terms of magnitude and
in terms of residing in one side of the galaxy systemic velocity,
typically aligned with one arm of the rotation curve (Steidel et al.
2002; Kacprzak et al. 2010).

We found significant counter rotation in the incoming streams of
cold gas, at an average level of 75 per cent of its net AM amplitude,
which in 15–20 per cent of the cases flips the gas-disc spin in one
disc orbital time. This can have important effects on stimulating
VDI and triggering a compaction into a ‘blue nugget followed by
quenching to a ‘red nugget’ (Zolotov et al. 2014). Disc shrinkage due
to counter rotation has been demonstrated in idealized simulations
of proto-stellar discs (Dyda et al. 2015).

Counter-rotating stellar components are expected in the disc and
its greater environment, reminiscent of the distinct cold streams with
opposite impact parameters. Mutually counter-rotating streams tend
to dissipate at inner radii and coalesce into one coherently rotating
disc, but stars formed prior to this coalescence may end up in
mutually counter-rotating discs in the same galaxy. These could
dominate at different radii and be tilted relative to each other, or
they may reside in the same disc structure. Observational evidence
for such counter-rotating discs are reported and discussed (Rubin,
Graham & Kenney 1992; Prada & Gutiérrez 1999; Algorry et al.
2013; Corsini 2014, and references therein).

Preliminary comparisons of the results from the current simula-
tions and from a new suite of simulations with higher resolution,
lower SFR efficiency and an additional radiative stellar feedback
reveal that our main results are robust Section 7. The stronger feed-
back tends to reduce the bulge-to-disc ratio by ∼20 per cent and
sometimes make the disc more extended, with a spin parameter
higher by ∼50 per cent for the galaxy within the disc radius Rd,
but only by ∼8 per cent inside 0.1Rv. However, the feedback-driven
winds tend to flow perpendicular to the disc and have only weak
interaction with the instreaming cold gas (DeGraf et al., in prepa-
ration). They therefore have a rather weak effect on the AM of the
outer ring in the inner halo, and an even weaker effect on the in-
streaming cold gas in the halo and outside it. The sensitivity of the
galaxy AM to feedback strength, including AGN feedback, is to be
addressed in detail in a future study. We note that feedback is likely
to have a stronger effect on the AM in less massive galaxies, dwarfs
or high-redshift building blocks of massive galaxies (e.g. Dekel &
Silk 1986; Maller & Dekel 2002; Governato et al. 2010).

In this work, we have made only limited steps towards a com-
prehensive study of the presented picture for AM buildup in
high-redshift massive galaxies. Future work, analytic and using
simulations, should complete the missing details. For example, the
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λgal and λinner halo still have a correlation

fairly strong correlation between λg and λdm(<r) out to r=0.2Rvir, 
but not at very high-z
consistent with EAGLE (Zavala+16, see also J.Schaye’s talk):
tight correlation between the loss of sAM of the inner (0.1Rvir) 
DM and that of the baryons, by following Lagrangian volumes
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Alignment

the mechanisms smearing out the λg - λh magnitude correlation should 
not randomize the alignment too much

strong correlation of orientation:  <cosθ> = 0.72 (gas-DM), 0.61 (stars-DM)

alignment weakens slightly towards lower-z, also seen in Illustris 
(Zjupa & Springel 2017)
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Summary
with baryonic physics, λhalo similar to DMO; 
baryonic spin (λgas, λstar) also log-normal, higher 
in more massive (post-compaction) halos

no correlation between λgal and λhalo at z>1; 
weak correlation at lower z; λgal and λdm(<0.2Rv) 

still correlated; λgal-λhalo alignment always good

 λh is perhaps irrelevant for galaxy size (?)

mechanisms that smear 
out the correlation at 
infall need to
- cause an anti-correlation 

between λg/λh and λh

- not randomize the 
orientation 

- be less effective at low-z 
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