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Figure 2. Disk–bar surface density contours (face-on, edge-on, and end-on) at t = 10 Gyr, for the NFW halos with q = 1, P00 (left column), P45 (center), and P90
(right) models. Note the different bulge shapes: X-shaped for P00, boxy/X-shaped for P45, and boxy for P90, as well as decreasing strength of ansae with increasing
λ (see the text).

(A color version of this figure is available in the online journal.)

Figure 3. DM halos (upper frames): rate of angular momentum flow J̇ as a function of cylindrical radius and time for the P00 (left), P30 (middle), and P60 (right)
models with q = 1 NFW DM halos. The color palette corresponds to gain/loss rates (i.e., red/blue) using a logarithmic scale in color. The cylindrical shells have
� R = 1 kpc, extending to z = ±∞. Stellar disks (lower frames): same for (identical) disk models embedded in the P00 (left), P30 (middle), and P60 (right) halos,
except � R = 0.5 kpc, and |� z| = 3 kpc. Positions of major disk resonances, ILR, CR, and OLR, have been marked.

(A color version of this figure is available in the online journal.)

alongside weakened absorption. So the absorption gradually
weakens and moves out with increased λ, while the emission
strengthens and spreads. The disk emission and absorption by
major resonances also differs with changing λ—it gradually
develops an intermittent behavior, especially at the ILR in P60,
where the blue and red bands become intermittent. Such a

cyclical behavior is not seen in the P00 disk, but becomes
visible in the P30 disk and dominates the inner P60 disk.
Hence, the spinning halo appears to emit and absorb angular
momentum recurrently. The halo as a whole still absorbs the
angular momentum from the disk in P30, while the net flux is
zero for P90.
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This result is anticipated. The ability to pump angular
momentum into a selected number of halo particles by means
of a stellar bar is not without limits. As the angular momentum
of the prograde population in the halo is increased, its ability to
absorb angular momentum should saturate, and, under certain
conditions, even be reversed. After buckling, the bar weakens
substantially, as seen in Figure 1. At later stages, as the bar
is expected to resume its growth, the near (disk) halo orbits
can possess more angular momentum than the bar region which
has been losing it for some time. For this prograde population,
increase of λ simply increases the initial angular momentum and
the saturation comes earlier. What emerges as a fundamental
property of a DM halo is the angular momentum and its
distribution for the prograde population of orbits, irrespective
of the value of λ.

Evolution of galactic bars is inseparable from the cosmolog-
ical evolution of their host galaxies. We find that the secular
growth of bars is significantly anticorrelated with the halo spin
for λ � 0.03. This means that majority of halos will adversely
affect the bar strength, and, therefore, the angular momentum
transfer and the bar braking. Beyond dynamical consequences,
bars in spinning halos will be systematically smaller, which will
make their detection at larger redshifts more difficult. This trend
can be further strengthened because, during mergers, for a lim-
ited time period of ∼1–2 Gyr, λ has been shown to increase
(e.g., Hetznecker & Burkert 2006; Romano-Diaz et al. 2007;
Shlosman 2013). Weaker bars are known to possess star for-
mation along the offset shocks, unlike strong bars, and are less
efficient in moving the gas inward. Furthermore, damping bar
amplitude has implications for disk morphology, stellar popula-
tions, and abundance gradients.

To summarize, we have investigated the dynamical and
secular evolution of stellar bars in spinning DM halos. In a
representative set of numerical models, we find that the angular
momentum flow in the disk–halo system is substantially affected
by the momentum distribution in the prograde population of
DM particles, and is not limited to the momentum flux from
the disk to halo. The associated bar pattern speed slowdown is
minimized and ceases for larger λ. This means that the bar does
not experience gravitational torques and its amplitude remains
steady, while the angular momentum, both internal circulation
and tumbling, is preserved. This trend becomes visible for
λ � 0.02 and dominates the bar evolution for halos with
λ � 0.03. Because of a lognormal distribution of λ with a mean
value of 0.035 ± 0.005, a substantial fraction of DM halos will
be affected. We analyze the rate of angular momentum change
by subdividing the disk–halo system into nested cylindrical
shells, and show that the DM halo can both absorb and emit
angular momentum, resulting in a reduction of the net transfer
of angular momentum from the disk to the halo. The ability of
the halo material to both emit and absorb angular momentum
has important corollaries.
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Evolution of Starbursts, ed. S. Hüttemeister et al. (Melville, NY: AIP), 189
Martinez-Valpuesta, I., Shlosman, I., & Heller, C. 2006, ApJ, 637, 214
Navarro, J. F., Frenk, C. S., & White, S. D. M. 1996, ApJ, 462, 563 (NFW)
Patsis, P. A., Skokos, Ch., & Athanassoula, E. 2002, MNRAS, 337, 578
Pfenniger, D., & Friedli, D. 1991, A&A, 252, 75
Porciani, C., Dekel, A., & Hoffman, Y. 2002, MNRAS, 332, 325
Raha, N., Sellwood, J. A., James, R. A., & Kahn, F. D. 1991, Natur,

352, 411
Romano-Diaz, E., Hoffman, Y., Heller, C., et al. 2007, ApJ, 657, 56
Rodionov, S. A., Athanassoula, E., & Sotnikova, N. Ya. 2009, MNRAS,

392, 904
Rodionov, S. A., & Sotnikova, N. Ya. 2006, ARep, 50, 983
Saha, K., & Naab, T. 2013, MNRAS, 434, 1287
Sellwood, J. A. 1980, A&A, 89, 296
Shlosman, I. 2008, in ASP Conf. Ser. 390, Pathways Through an Eclectic

Universe, ed. J. H. Knapen, T. J. Mahoney, & A. Vazdekis (San Francisco,
CA: ASP), 440

Shlosman, I. 2013, in Secular Evolution of Galaxies, ed. J. Falcon-Barroso &
J. H. Knapen (Cambridge: Cambridge Univ. Press), 555

Springel, V. 2005, MNRAS, 364, 1101
Tremaine, S., & Ostriker, J. P. 1999, MNRAS, 306, 662
Tremaine, S., & Weinberg, M. D. 1984, MNRAS, 209, 729
Villa-Vargas, J., Shlosman, I., & Heller, C. H. 2009, ApJ, 707, 218
Villa-Vargas, J., Shlosman, I., & Heller, C. H. 2010, ApJ, 719, 1470
Weinberg, M. D. 1985, MNRAS, 213, 451
Weinberg, M. D., & Katz, N. 2007, MNRAS, 375, 460
White, S. D. M. 1978, MNRAS, 184, 185

5

http://dx.doi.org/10.1086/340784
http://adsabs.harvard.edu/abs/2002ApJ...569L..83A
http://adsabs.harvard.edu/abs/2002ApJ...569L..83A
http://dx.doi.org/10.1046/j.1365-8711.2003.06473.x
http://adsabs.harvard.edu/abs/2003MNRAS.341.1179A
http://adsabs.harvard.edu/abs/2003MNRAS.341.1179A
http://dx.doi.org/10.1111/j.1365-2966.2005.08872.x
http://adsabs.harvard.edu/abs/2005MNRAS.358.1477A
http://adsabs.harvard.edu/abs/2005MNRAS.358.1477A
http://dx.doi.org/10.1111/j.1365-2966.2007.11711.x
http://adsabs.harvard.edu/abs/2007MNRAS.377.1569A
http://adsabs.harvard.edu/abs/2007MNRAS.377.1569A
http://dx.doi.org/10.1093/mnras/sts452
http://adsabs.harvard.edu/abs/2013MNRAS.429.1949A
http://adsabs.harvard.edu/abs/2013MNRAS.429.1949A
http://dx.doi.org/10.1086/165480
http://adsabs.harvard.edu/abs/1987ApJ...319..575B
http://adsabs.harvard.edu/abs/1987ApJ...319..575B
http://dx.doi.org/10.1086/506016
http://adsabs.harvard.edu/abs/2006ApJ...648..807B
http://adsabs.harvard.edu/abs/2006ApJ...648..807B
http://dx.doi.org/10.1086/498493
http://adsabs.harvard.edu/abs/2006ApJ...637..582B
http://adsabs.harvard.edu/abs/2006ApJ...637..582B
http://dx.doi.org/10.1086/520531
http://adsabs.harvard.edu/abs/2007ApJ...666..189B
http://adsabs.harvard.edu/abs/2007ApJ...666..189B
http://dx.doi.org/10.1086/321477
http://adsabs.harvard.edu/abs/2001ApJ...555..240B
http://adsabs.harvard.edu/abs/2001ApJ...555..240B
http://dx.doi.org/10.1086/175547
http://adsabs.harvard.edu/abs/1995ApJ...443..551C
http://adsabs.harvard.edu/abs/1995ApJ...443..551C
http://adsabs.harvard.edu/abs/1990A&A...233...82C
http://adsabs.harvard.edu/abs/1990A&A...233...82C
http://dx.doi.org/10.1086/311118
http://adsabs.harvard.edu/abs/1998ApJ...493L...5D
http://adsabs.harvard.edu/abs/1998ApJ...493L...5D
http://dx.doi.org/10.1086/317148
http://adsabs.harvard.edu/abs/2000ApJ...543..704D
http://adsabs.harvard.edu/abs/2000ApJ...543..704D
http://dx.doi.org/10.1088/0004-637X/697/1/293
http://adsabs.harvard.edu/abs/2009ApJ...697..293D
http://adsabs.harvard.edu/abs/2009ApJ...697..293D
http://dx.doi.org/10.1086/342117
http://adsabs.harvard.edu/abs/2002ApJ...577..626E
http://adsabs.harvard.edu/abs/2002ApJ...577..626E
http://dx.doi.org/10.1086/375150
http://adsabs.harvard.edu/abs/2003ApJ...590..641E
http://adsabs.harvard.edu/abs/2003ApJ...590..641E
http://dx.doi.org/10.1086/523260
http://adsabs.harvard.edu/abs/2007ApJ...671..226H
http://adsabs.harvard.edu/abs/2007ApJ...671..226H
http://dx.doi.org/10.1111/j.1365-2966.2006.10616.x
http://adsabs.harvard.edu/abs/2006MNRAS.370.1905H
http://adsabs.harvard.edu/abs/2006MNRAS.370.1905H
http://dx.doi.org/10.1111/j.1365-2966.2005.09501.x
http://adsabs.harvard.edu/abs/2005MNRAS.363..991H
http://adsabs.harvard.edu/abs/2005MNRAS.363..991H
http://adsabs.harvard.edu/abs/1960MNRAS.120..204L
http://adsabs.harvard.edu/abs/1960MNRAS.120..204L
http://adsabs.harvard.edu/abs/1962MNRAS.123..447L
http://adsabs.harvard.edu/abs/1962MNRAS.123..447L
http://adsabs.harvard.edu/abs/1972MNRAS.157....1L
http://adsabs.harvard.edu/abs/1972MNRAS.157....1L
http://dx.doi.org/10.1111/j.1365-2966.2010.16890.x
http://adsabs.harvard.edu/abs/2010MNRAS.406.2386M
http://adsabs.harvard.edu/abs/2010MNRAS.406.2386M
http://dx.doi.org/10.1086/424876
http://adsabs.harvard.edu/abs/2004ApJ...613L..29M
http://adsabs.harvard.edu/abs/2004ApJ...613L..29M
http://adsabs.harvard.edu/abs/2005AIPC..783..189M
http://dx.doi.org/10.1086/498338
http://adsabs.harvard.edu/abs/2006ApJ...637..214M
http://adsabs.harvard.edu/abs/2006ApJ...637..214M
http://dx.doi.org/10.1086/177173
http://adsabs.harvard.edu/abs/1996ApJ...462..563N
http://adsabs.harvard.edu/abs/1996ApJ...462..563N
http://dx.doi.org/10.1046/j.1365-8711.2002.05943.x
http://adsabs.harvard.edu/abs/2002MNRAS.337..578P
http://adsabs.harvard.edu/abs/2002MNRAS.337..578P
http://adsabs.harvard.edu/abs/1991A&A...252...75P
http://adsabs.harvard.edu/abs/1991A&A...252...75P
http://dx.doi.org/10.1046/j.1365-8711.2002.05305.x
http://adsabs.harvard.edu/abs/2002MNRAS.332..325P
http://adsabs.harvard.edu/abs/2002MNRAS.332..325P
http://dx.doi.org/10.1038/352411a0
http://adsabs.harvard.edu/abs/1991Natur.352..411R
http://adsabs.harvard.edu/abs/1991Natur.352..411R
http://dx.doi.org/10.1086/509798
http://adsabs.harvard.edu/abs/2007ApJ...657...56R
http://adsabs.harvard.edu/abs/2007ApJ...657...56R
http://dx.doi.org/10.1111/j.1365-2966.2008.14110.x
http://adsabs.harvard.edu/abs/2009MNRAS.392..904R
http://adsabs.harvard.edu/abs/2009MNRAS.392..904R
http://dx.doi.org/10.1134/S1063772906120043
http://adsabs.harvard.edu/abs/2006ARep...50..983R
http://adsabs.harvard.edu/abs/2006ARep...50..983R
http://dx.doi.org/10.1093/mnras/stt1088
http://adsabs.harvard.edu/abs/2013MNRAS.434.1287S
http://adsabs.harvard.edu/abs/2013MNRAS.434.1287S
http://adsabs.harvard.edu/abs/1980A&A....89..296S
http://adsabs.harvard.edu/abs/1980A&A....89..296S
http://adsabs.harvard.edu/abs/2008ASPC..390..440S
http://dx.doi.org/10.1111/j.1365-2966.2005.09655.x
http://adsabs.harvard.edu/abs/2005MNRAS.364.1105S
http://adsabs.harvard.edu/abs/2005MNRAS.364.1105S
http://dx.doi.org/10.1046/j.1365-8711.1999.02558.x
http://adsabs.harvard.edu/abs/1999MNRAS.306..662T
http://adsabs.harvard.edu/abs/1999MNRAS.306..662T
http://adsabs.harvard.edu/abs/1984MNRAS.209..729T
http://adsabs.harvard.edu/abs/1984MNRAS.209..729T
http://dx.doi.org/10.1088/0004-637X/707/1/218
http://adsabs.harvard.edu/abs/2009ApJ...707..218V
http://adsabs.harvard.edu/abs/2009ApJ...707..218V
http://dx.doi.org/10.1088/0004-637X/719/2/1470
http://adsabs.harvard.edu/abs/2010ApJ...719.1470V
http://adsabs.harvard.edu/abs/2010ApJ...719.1470V
http://adsabs.harvard.edu/abs/1985MNRAS.213..451W
http://adsabs.harvard.edu/abs/1985MNRAS.213..451W
http://dx.doi.org/10.1111/j.1365-2966.2006.11307.x
http://adsabs.harvard.edu/abs/2007MNRAS.375..460W
http://adsabs.harvard.edu/abs/2007MNRAS.375..460W
http://adsabs.harvard.edu/abs/1978MNRAS.184..185W
http://adsabs.harvard.edu/abs/1978MNRAS.184..185W

