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Galaxy morphology and Hubble sequence
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Hubble sequence
ANV 2|

- With SDSS images. Color images made with three images taken
with three different filters
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Elliptical galaxies

1239-1-40-0167-0166(0.0)  0756-3-44-0205-0218(0.0) 0756-5-44-0208-0234(0.0)  1239-5-40-0179-0203(0.0) 0756-4-44-0195-0165(1.0)  1239-5-40-0171-0179(1.0)  0756-3-44-0202-0123(1.0)  1239-4-40-0173-0147(1.0)

J094120.79-011457.4 J094552.54-000534.2 J094805.20+004516.0 109484322 +002546.7 J094011.40-+001415.9 J094347.47+002755.1 J094413.75-000549.3 J004455.64-+000405.6
1239-5-40-0181-0195(0.0)  0756-4-44-0214-0292(0.0)  0756-6-44-0215-0154(0.0)  1239-6-40-0185-0106(0.0) 1239-6-40-0176-0205(1.0)  1239-3-40-0181-0091(1.0)  0756-5-44-0212-0012(1.0) 0756-6-44-0213-0171(1.0)
J094958 85-+003224.2 J095134.86+001520.3 J095149.23+010802.0 1095220 94+005813.2 J094706.70+010222.5 J094956.39-001352.9 J095003.14+004308 4 J095050.20-+010853.6

2141-5-40-0037-0165(0.0)  2141-5-40-0030-0097(0.0) 2141-5-40-0039-0139(0.0) 0756-3-44-0221-0105(0.0)

0756-6-44-0215-0230(1.0)  2141-6-40-0037-0115(1.0)  0756-1-44-0218-0181(1.0) 2141-5-40-0040-0149(1.0)

J095240.19+003149.5  J095330.43-+002655.1 J095336.00+003519.5 J095548 87-000549.7 J095212.38+011006.7  J095233.004008002.8  J095402,08-005332.0 10956 34,39--003220.3
0756-2-44-0222-0203(0.0)  2141-3-40-0044-0146(0.0)  2141-4-40-0044-0153(0.0)  2141-4-40-0045-0179(0.0) 2141-2-40-0041-0231(1.0)  0756-2-44-0221-0079(10) 0756-4-44-0222-0160(1.0) 0756-3-44-0222-0117(1.0)
J095604.74-003547.1 J095638.62-002128.9 J095646.67+001209. 8 1095709 30000032 9 !

J095455.90-004540.1 J095531.20-002802.1

J095601.38+-002128.9

J095614.26-000114.4

2141-5-40-0050-0091(0.0)  0756-3-44-0230-0292(0.0)  0756-3-44-0231-0121(0.0)  2141-5-40-0057-0111{0.0)
J100031.70+4-003256.3 J100111.28-000800.5 J100152.95-000730.6 J100420.03+002835.7

2141-6-40-0045-0175(1.0)  0756-1-44-0226-0060(1.0) 2141-1-40-0049-0189(1.0)
J095717.91+005857.5 J095837.12-005546.2 1095039.08-011452 8

2141-5-40-0058-0170(1.0)
J100515.63+003637.2

Fukugita et al. 2007, ApJ, 134, 579



Early-type spiral galaxies

Sloan Digital Sky Survey r<16mag sample galaxies

0756-1-44-0199-0259(2.0)  0756-6-44-0204-0202(2.0) 0756-4-44-0209-0106(2.0)  1239-5-40-0184-0086(2.0) 0756-4-44-0105-0158(3.0)  1239-2-40-0169-0142(3.0) 0756-3-44-0203-0214(3.0) 0756-4-44-0209-0227(3.0)
J094243.46-005202.0 J094544.724-010333.0 1094846.29+001618.9 J095135.33+002605.1 J094010.58+4-001312.4 J094235.49-004618.2 J094511.96-000712.0 J094836.14+002459.6
1239-1-40-0185-0149(2.0)  0756-4-44-0215-0264(2.0)  2141-1-40-0038-0228(2.0)  0756-5-44-0226-0173(2.0) 0756-6-44-0200-0103(3.0)  0756-4-44-0214-0335(3.0) 0756-5-44-0217-0080(3.0)  2141-1-40-0045-0167(3.0)
J095202.94-011239.5 1095214.094-001409.3 J095325.70-010341 5 J095835 38+-004434.0 J094847.124-010311.6 J095146.884-001949.7 J095320.224+004151.7 J095710.35-010527 3
2141-3-40-0049-0228(2.0)  0756-4-44-0231-0011(2.0) 2141-5-40-0054-0229(2.0)  0756-1-44-0234-0057(2.0) 0756-2-44-0224-0016(3.0) 0756-4-44-0225-0111(3.0) 2141-3-40-0051-0248(3.0)  2141-4-40-0057-0086(3.0)
J095945.75-001440.9 1100129.704-001525.9 J100245.82+003149 8 J100338.82-005201.9 J095711.41-002556.6 J095812.154-001414.1 J100109.93-001608 6 J100418 960007134
0756-4-44-0236-0075(2.0)  2141-2-40-0059-0210(2.0) 2141-3-40-0065-0027(2.0)  0756-6-44-0245-0147(2.0) 2141-6-40-0058-0153(3.0)  2141-1-40-0061-0182(3.0) 0756-3-44-0247-0202(3.0)  2141-1-40-0073-0169(3.0)
J100440.834-002211.6 J100552.22-004847.7 J100903.24-001337 5 J100951 54+011327.6 J100509.444-005721.5 J100654.67-011359.2 J101119.89-000122.7 J101356.63-010659.4
2141-2-40-0068-0156(2.0)  2141-2-40-0068-0167(2.0)  0756-1-44-0251-0193(2.0)  0756-1-44-0259-0154(2.0) 2141-6-40-0075-0141(3.0)  0756-2-44-0257-0196(3.0)  2141-2-40-0079-0260(3.0)  2141-1-40-0081-0171(3.0)
J101051.17-003842.5 J101058.47-004813.9 J101324.48-005033 9 1101832 52-005932.4 J101512.474-005741.0 J101727.06-002944 .2 J101749.85-004945 5 J101851.37-011412.8

Fukugita et al. 2007, ApJ, 134, 579



0756-4-44-0198-0055(4.0)
J094203.30+4-002011.2

0756-4-44-0200-0098(4.0)
J094312.044-002451.0

0756-1-44-0204-0116(4.0)
1094545.67-005839.3

0756-5-44-0207-0041(4.0)
J094713.19+003958.9

T

0756-4-44-0211-0115(4.0)  0756-3-44-0216-0062(4
J094953.054-001854 1 1095243 .92-000329.9

(756-5-44-0224-0281(4.0)  0756-6-44-0226-0175(4.0)
J095743.264-004123.7 J095838.244-010328.7

0756-6-44-0216-0244(4.0)
1095249.26+010322.1

0756-5-44-0218-0084(4.0)
J095405.94+-003901.9

0756-6-44-0230-0031(4.0)
J100048 15+-011413.7

0756-6-44-0247-0176(4.0)
J101105.24+011326.7

2141-5-40-0102-0100(4.0)
J103135.16+-002831.3

2141-3-40-0049-0005(4.0)
J095926.19-001514 2

0756-4-44-0230-0175(4.0)
J100111.884-001945.6

0756-4-44-0241-0156(4.0)
J100752.184-001802.7

0756-6-44-0246-0127(4.0)
1101028.97+010658.6

2141-5-40-0073-0157(4.0)
J101352.50+003303 4

0756-3-44-0247-0167(4.0)
J101107.55-000231.7

2141-5-40-0068-0058(4.0)
J101117.87+4-002632.7

1239-5-40-0181-0078(5.0)
J094952.584-003705.4

0752-3-40-0381-0222(5.0)
J132238.68-001654.9

1239-2-40-0171-0225(6.0)
J094407.20-003930.1

0756-6-44-0347-0057(6.0)
J111054.674-010532.5

0756-4-44-0463-0157(6.0)
J122021.17+4-002200.0

0756-6-44-0317-0239(5.0)
J105319.144-010309.5

0752-3-40-0408-0231(5
1133845 .44-002500.7

1239-2-40-0172-0089(6.0)
1094446 .23-004118.3

0752-4-40-0169-0125(6.0)
J111522.924-000622.8

0752-5-40-0264-0104(6.0)
1122412.454-003401.8

0756-2-44-0317-0194(5.0)
J105320.76-003623.0

0752-1-40-0409-0179(5.0}
J133913.25-010715 3

0756-5-44-0271-0009(6.0)
J102519.79+003810 6

0756-1-44-0374-0041(6.0)
J112712.25-005940 8

0752-1-40-0310-0349(6.0)
J124002.67-010258 1

Fukugita et al. 2007,

0756-3-44-0441-0061(5.0)
J120724.79-000930.0

0752-5-40-0580-0162(5.0)
J152137 86+-002757.7

2141-4-40-0138-0011(6.0)
J105248 64+-000204.0

0756-2-44-0413-0106(6.0)
J115036.42-003402.1

0752-6-40-0550-0231(6.0)
J150350.18+005841.0

ApJ, 134, 579



Irreqular galaxies, Merging galaxies

Sloan Digital Sky Survey  r<i6mag sampie gaiaxies

0756-6-44-0201-0022(-10)  1230-3-40-0174-0014(3.0)  0752-2-40-0167-0010(2.0)  0752-5-40-0180-0088(- 0752-2-40-0465-0109(-1.0)  0752-2-40-0513-0141(-1.0)  0752-3-40-0177-0093(-1.0)  0756-1-44-0697-0235(1 5)
J141300.67-004951.6 J144121.04-004534.3 J112010.66-001631.8 1144047 G8-005805.3

J094334.214-010703.8 1094529.71-002206.4 J111359.88-004411.7 J112154.614:003344. 9

0756-4-44-0399-0051(-1.0)  0756-2-44-0580-0049(-1.0)  0756-5-44-0677-0107(-1.0)  0756-4-44-0683-0053(- 0756-6-44-0201-0022(-1.0)  2141-3-40-0109-0133(1.5)  2141-3-40-0136-0164(3.5)  0756-6-44-0703-0089(6.0)
J114212.224-002004.1 J133032.00-003613.6 J142845.514-004229.2 J143216.194-002248. 5 J004334.214-010703.8 J103549.48-001420.5 J105156.03-002503.1 J144410.824011041.6

2141-5-40-0125-0020(-1.0)  0756-6-44-0313-0038(4.0) 0756-1-44-0589-0100(3.0)  0756-5-44-0720-0261(1.5)
J104503.604-002603.8 J105051.98+010950.3 J133614.66-010224.9 J145431.694-004733. 1

2141-1-40-0060-0066(-1.0)  0756-3-44-0246-0103(2.5) 2141-5-40-0108-0103(-1.0)  0756-5-44-0423-0172(-1.0)
1100613.33-011222 4 J101021.45-000022.7 J103504.14+-003341.4 J115654.90+004326. l

0752-1-40-0234-0099(-1.0)  2141-3-40-0115-0113(-1.0)
J115411.38-010751.9 J103924,38-002321.5

0752-4-40-0481-0086(-1.0)
J142227.62+000332.6

0752-5-40-0180-0088(-
J112154.614-003344.9

1.0)

0756-1-44-0367-0026(2.0)  0756-1-44-0580-0101(-1.0)  0756-3-44-0355-0167(3.0)  0752-2-40-0167-0010(2.0)
J112253.18-005552.3 J133612.24-010153.2 J111552.01-000436.2 J111359.86-004411.7

Fukugita et al. 2007, ApJ, 134, 579



Sequence of elliptical galaxies
FaFERAI D3RS

- Ellipticity increases along the sequence, and goes up to E7. Elliptical
galaxies larger than E7 is rare.

EO EZ2 E3 E4 ES
E'D E™2 E'3 E*4 E*7

Buta, 2011, arXiv:1102.0550




Effect of viewing angle
RIROAEDE

- Barred structure becomes difficult to be identified, ex. Milky way

galaxy.
33° 49° 71° 81°

. Disk structure becomes thinner along the Hubble sequence.

E*7/50° S0/a

Sa Sab Sc Sd

Sb

Buta, 2011, arXiv:1102.0550



Light profile
Surface brightness:

At center

1

Io(erg s™! em™2 Hz ™! arcsec™2)

1o(R)(mag arcsec™*)
At effective radius
em™2 Hz™! arcsec™2)

tie(R)(mag arcsec™2)

I.(erg s~

Radius above a certain surface brightness limit: for example 25 mag arcsec/-2
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Roberts & Haynes, 1994, ARAA, 32, 115

Effective radius : within the effective radius, half of the total light of a galaxy included.



Light profile: de Vaucouleurs profile, exponential profile
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Elliptical galaxy Spiral galaxy Kent 1985, ApJ, 59, 115

r1/4 profile, de Vaucouleurs profile = elliptical galaxies, bulge component of disk galaxies

I(R) = I exp [—ﬂn (%)1/4 - 1”

Exponential profile = disk component of disk galaxies

I(R) = I exp [-ﬁ,,.,, (Rﬂ)]

e




Bulge-disk decomposition
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Morphological Classification

N = sz
H e 4R

Qualitative classification with “Asymmetry” and “Concentration”
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Fi. 2—The distribution on the C-A plane of artificially redshifted galaxies from the Frei sample. Only objects with [ < 22 are shown. Plot symbols
denote /50 systems Emidbpmh spirals (light biue spiral symbols), and irregulars (dark blue asterisks). The sizs of the plot symbols are laversely
proportional to the artificial redshifis of the galaxies (which can be one of = = 0.3, 0.5, or 0.7). Dashed lines delineate the three morphological bins adopted in
the present work.

Abraham et al. 1996, ApJS, 107, 1



Sersic profile
Ly J8|

R 1/n

I(R) = Iyexp |—fn A

Describe the exponential and r1/4 profiles as
one parameter family.

With n=1 exponential profile = disk galaxies

With n=4 r1/4 profile, de Vaucouleurs profile
= elliptical galaxies

Beta is determined so that half of a galaxy light
is included within its effective radius. Beta is
well approximated by

B, = 2n — 0.324

p [meg ercsec ]

m{<R) [mag]

4
R;"H.u

Figure 1: Top panel: Sérsic surface brightness
profiles (Equation 6) for n=0.5, 1, 2, 4, and 10.
The profiles have been normalised at p. = 20 mag
arcsec— 2. Bottom panel: Sérsic aperture magni-
tude profiles (Equation 5), normalised such that
the total magnitude equals zero. The dotted line
is offset by 0.75 mag (a factor of 2 in flux) from
the total magnitude.

Graham & Driver 2005



Hubble sequence and color distribution
INY TIVREEAT—DR

- Early-type galaxies have systematlcally redder colors than late-type

gaIaXIeS BD _I T T T I T T T T I 1 I 1 T T T T I T T I ‘ T I T T T
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Fic. 7.—Left, Spectroscopic classification and u* —r* color; right, morphological classification and u* —r* color; top, histograms of early-type galaxies

(E/80 or Sa); bottom, those for late types (Sb or So/'lrr).
Strateva et al. 2001, AJ, 122, 1861



Hubble sequence and physical properties |
INT A—% |

Ny TIVRS & Y

Physical properties of galaxies systematically vary along the Hubble

sequence.

[B-=V)
i
oim—
i
Eocram i
[EET T
Pormo
Bt I

EIRIETE
|_- | | | | | | | | ] [ 1 ]
E 50 S0a S5a Sabk S5k Sbe Sz Sed 5d 2m  Im

Figure 5 (B — V) color vs morphological type. (Same symbols as in Figare 2.)

Total mass determined with rotation curves
of galaxies.

Roberts & Haynes, 1994, ARAA, 32, 115
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Hubble sequence and physical properties |l
INY TIVRFNEYRRINT A =5 |

- Physical properties of galaxies systematically vary along the Hubble
sequence. T T
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Figure 4 Same as Figure 2, for (o) log weal HI mass My, (5) log HI mass-to-blue luminosity
ratio My /Ly (c) log HI mass fraction My /M, (d) log FIR lominosity Ligg. The dashed lines
indicate significantly fewer data for these types,



« Galaxy L.F. by ~1,500 galaxies from SDSS. Bright-end of the LF is dominated

Galaxy “luminosity function” by galaxy type

#RA DR A T RIDIEERER

by E/SO galaxies. Irr galaxies only appear in faint-end of the LF.

Classification is also done with concentration parameter C=r50/r90.

TABLE 1
MORPHOLOGICALLY CLASSIFIED SAMPLE

h=T<1 l<T=3 - T3 <6 Tr=-1

Sample H:' and blﬁ} (%0/a-Sb) rhbc bd} [Jm} (Unclass.) Total

1. Photometric sample... 740 630 — 35 26 1875

2 Spectrn-.coplc-.ample . 630 545 381 23 21 TL)
3. Sample with good phmnmetr\'.. 617 339 373 21 12 1562
4. Sample with = (>85% CL). oo 616 538 369 19 11 1553
5. Sample used in MDLF __. 397 518 350 (1) (7) 1482
6. Sample used to obtain ¢*. il4 368 253 (5) 894

0.01

0.001
300

$(M,.) b3 [Mpe~?]
200

0.0001

100

10-8

M., - 5 log h [mag]

Fig. 3—MDLF in the r* band for three types, E-50, S0a-Sh, and She
Sd, from visual classifications. The SWML results are represented by data
points (circles, E-S0; triangles, early spiral galaxies; squares, late-typespiral
galaxies), and the ML fits are shown by solid, short-dashed, and dotted
curves, respectively. The ML estimate for Im galaxies is represented by the
dot-dashed curve. The luminosity function for the total sample is also
plotted for comparison, represented by crosses and the long-dashed curve.
The histograms are the actual numbers of galaxies for the three tvpes and
the total sample used in this anal ysis.
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10-%
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FiG. 6.—MDLF for early- and late-type galaxies classified using the con-
centration index. Ihe WML results are repmsen[ed by data points (circles,
early-type, with C 35; triangles, late-type, C >0 and the ML fits
are shown by \Olld and short-dashed CLFVES, re\pect y. The luminosity
function for the total sample is plotted for comparison, represented by
crosses and the long-dashed curve. The histograms are the numbers of
galaxies used in this analysis.

Nakamura et al. 2003, ApJ, 125, 1682
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Galaxy “luminosity function” by galaxy type
SRR 2 A T RO ERIER

Luminosity function determined with the K-band photometry.

m_ EA___‘_,;STT'__? ___ E
: I RN -
E% : i\
o v K\., ]
; \‘-. ]
.\& a2 i ]
- all \ early—type _lt—
I IR | | I 1 S I T NI I I -
L L . Al I E e S S IR e e SRR B D R
A_ _A—;*—i—jt 3 “E\;\ o %Eiiihri
.
!‘. W
.
- L .
¥ Yo
I < E —
- late—type \ 1 test ﬂ .
oo by b by b by by by WS
-20 -22 -24 -26 -20 -22 -24 -26

Kochanek et al. 2001, ApJ, 560, 566



l0g4q (¢ / h*> Mpc™ Iog10M'1)

Galaxy (stellar) “mass function by galaxy type
HRAD XA TRD(E)EERE

Determined with SDSS+2MASS database
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Barred galaxies
HRIRERA]

- Early-type barred galaxies sometimes show ring-like structure due
to the orbital resonance (H08).

SA(r) SA(rl) SA(l)
SAa SAb

SAB(r) SAB(rl) SAB(l)

SABa SABb SABCc SABd SABm

SB(r) SB(rl) SB(l)

Buta, 2011, arXiv:1102.0550
SBa SBb SBc SBd SBm



Fraction of barred galaxies

They are not minority among the spiral galaxies

EIRERA DR S

5 show 1 mndom sample of bars below the transition mass
object identifier is listed at the top. the type in the botiom left
mass on the right. Ohbjects are srranped in order of increasing

Figure 3.
of 10.2. The

pimns show o madom samphe of

bars above the transition mass
) object identifier is listed at the top, the type in the botiom left
mass on the right. Objects are srranged in order of increasing
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Figure 1. Top: histograms and fractional distribution of (a/c) stellar mass as defined by Kauffmann et al. (2003a) and (b/d) (g — r) color for barred galaxies. The
distribution of bars in S0+3a (red). Sb (purple), and Sc+5d (blue) galaxies as well as all barred galaxies (black) are shown. We find that the bar fraction falls steeply
from low masses to intermediate masses, M ~ 10.2, and rises slowly and plateaus thereafter. With {g — r) color. we find that the bar fraction decreases from bluer
colors to intermediate colors, (g — r) ~ 0.3, and nises slowly thereafter.



Fraction of Barred galaxies
BRI ORI S
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of the Hao line, (d) color gradient, (e) central velocity dispersion, and (f) inverse concentration index. Squares and diamonds represent,
respectively, fraction of SB1 (strong bar) and SB2 (weak bar) galaxies. Circles represent the sum of both types. Shades mean 1-o sampling
erTOrs.
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Cosmological evolution of the bar fraction

AR DE| & DF Hami

Fraction of barred spiral galaxies (bar-fraction) shows rapid increase between z=1

and 0.
The increase is more rapid for galaxies with smaller stellar mass.
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What does determine the observed relation between

SMBH mass and “spheroia” mass ¢

What are the spheroid ¢



Sersic index of E/SO “spheroids”
E/SODEIVy oA Ty TR

Best fit sersic index for E/SO galaxies depends on effective radius
and absolute magnitude.
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Figure 3. Plot of np,; versus the effective radius logr. (kpc) for the
galaxies of our sample. Circles are for ellipticals and triangles for
S0s. The dotted line marks the value n = 4, corresponding to the de
Vaucouleurs law; the dashed line (re = 3 kpc) marks the separation
between the ‘ordinary’ and ‘bright” galaxy families.



Bulge and pseudo-bulge
NV E TR 1NV

- Bulge-like structures of late-type disk galaxies can be fitted with low Sersic
index profile ~1, i.e. exponential-law. Such bulges are called psuedo-bulge.

B (¥ mag orceec ™)

"pseudobulges"

%

"classical bulges"

Figare 10 NOC 1353 pecudobalge (top image 18" w157 moom, mnd

. middle: full WFPC2 FEGW image teken with HST by Carollo et al. 1958).

Buta, 201 1 ’ arX'V.1 1 02.0550 The bottom panel is a 2MASE { Jarrett et al. XKE) JH K composite image
with & field of view of 44 = £4. The plots show surface photometry

with the H5T profile shafted io the K-band zeropoint. The hnes show o

decomposition of the major-ars profik into & Sémic [1965) Tmetion and

an exponential disk. The outer part of the psasdohulge has the same
Kormendy 2004! ARAAI 421 603 .-l.ppil'\l::lnl. fatiening as the :Ii.-:.. 'Il'hi.ilnl:.rlmr :F;i.-k pm-dlfn:l much of the

rapid upturn in surface brightness toward the center.



S'ersic n index

Lack of n~4 galaxies at high redshifts ?
ESERARB ClEn~4 DMNEEAEWNEN?

- Adaptive Optics observations of z~3 galaxies (11Gyrs ago) reveals

lack of galaxies with n~>4.
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z=3 simulation
with z=0.4-0.7 galaxies in GOODS-N/S
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