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Table 1. Median properties of the stacking sample.

Property Median
Z 1. 52
log(M.[Mg]) 10.61
lﬂg{Mbur}'nnic =M, + MQBJ[M‘}D 10.87
SFR [Mg/vyr] 419
sSFR [Gyr~!] 1.20
RY [kpc] 4.6
nP 1.1

“Gas mass estimate based on empirical scaling relations.

bIntrinsic effective radius along the major axis and Sérsic index
derived from H-band Sérsic fits.
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the noise cube associated with each data cube. Once we have
constructed a rotation curve for each galaxy, we determine its
observed amplitude and extent by fitting a Freeman exponen-
tial disk model of the form:

s =
Vaisk(r) = r_f\/ﬂﬁzﬂrdﬁﬂg{] - LK, (1)

where r, is the radial scale-length of the exponential disk,
corresponding to ry = R./1.68. X is the central mass surface
density of the disk. and [,, and K,, denote the modified Bessel
functions of the first and second kind (Freeman 1970). In the
fitting, we leave ry and Xy as [ree parameters. Before fitting,
the Freeman disk model is convolved with a 1D Gaussian of
FWHM corresponding to the PSF associated with each galaxy.
After the fit has converged, we determine the maximum ob-
served velocity (Vinax) and the radius of the peak (Ryy,) from
the model. In the right panels of Figure 2, rotation curves of
two examples are shown together with the respective fit.



Velocity >

Figure 3. Final stacked pv diagram shown in logarithmic color
scaling. The zero positions in velocity and radius are marked
as black lines, and the radial position of 1Ry and 2Ry, are
marked as white dashed horizontal lines. The white symbols
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Figure 1. Ha gax dynamics from EMOS and SINFONI in
six massive star-forming  galaxies. The palaxies  have
redshifts belween =09 and 24, KMOS provides seeing-
limwted data (FIWWHM -0.67), apd SINFONI allows both seeing-
limatesd, and adaplive oplics assisted  observations (FWHM
=02 For each galaxy columm (a) shows the distribution of
thee infegrated He line smface brightness (with a linear colow
scale), superposed on white contours ol the stellar sorface
density (50 or the H-band comtineum surfse brightness (Zy)
(square rool scaling). The vertical while bar denctes  the

© o avis ol (hpc)

A A offgsl (Arcsec)

08351 and G54 53501 we show both SINFONI (black flilled
circlest and KMOS {open bloe circles) data sets, for Dida
15504 we show SINFONI data sefz ab ©.2° {black) and 05"
(bluegl resolution, Red continuous lines denote the best-Mn
dynamical model, construcied Mo a combination of & central
compact bulge, an exponential disk and an NFW halo without
adiabatic contraction, with o concentration of =4 at 2~2 and
c=0.5 atl e~1. For the modelling of the disk rotion, we also
take mto account the asymmetric drifl correction inferred [rom
thee velocity dispersion curves (Cdi-(e)™), Columns (d) and (e}
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Table 1. Physical Parameters of Observed Star-Forming Galaxies

C0S4 01351 D3a 6397 GS4 43501 zC 406690 zC 400569 D3a 15504
redshift 0.854 1.500 1.613 2.196 2.242 2.383
kpc/arcsec 7.68 8.46 8.47 8.26 8.23 8.14
Priors:
M. (10" M.) 0.34+0.16 1.2+0.37 0414012 0.42+0.12 1.2+0.37 1.1+0.34
Miuron(gas+stars) (10"'M ) 0.9+0.5 2.3=1.1 0.75+0.37 1.4+0.7 2.5+1.2 2010
H-band R, (kpc) - 8.6%1.3 5.9+0.8 4 9H).7 5.5+1 442 6.3x1
inclination (%) To+5 3045 6245 25+12 45+10 3445
dark matter concentration parameter ¢ 6.8 5 5 4 4 4
Fit parameters:
V(R 2 ) (km/s)* 276 310 257 301 364 299
Rin(n=1) (kpc) 7.3 7.4 4.9 3.5 33 6
oy (km/s) 39 73 39 74 34 76
Myl gas+stars, including bulge) (10" M) 1.7 2.3 1.0 1.7 1.7 2.1
Moo Mpcerin ) 0.2 0.35 0.4 (.6 0.37 0.15
Foud Rz = o Pl 021(x0.1)  017(<038)  0.19(x0.09) 0.0 (<0.08) 0.0 (<0.07)  0.12(<0.26)

“ Total circular velocity at the half-light radius (rest-frame optical) R ., including bulge, exponential disk (n=1) and dark matter, and corrected for

asymmetric drift: v (R )*=v,,(R)*+3.36 o™ (R/R;)),=;

® Ratio of dark matter to total mass at the hal f-light radius of the optical light, fpu(R ;2 )=( vmy’v‘_.}zﬂzﬁ 12. with numbers in the parentheses giving the
+2 rms (5°=4, ~95% probability) uncertainties, or upper limits. We use an NFW halo of concentration parameter ¢, and no adiabatic contraction.
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Figure 2. Normalized rotation curves. (a): The various
symbols denole the folded and binned rotation curve data for
the six galaxies in Figure 1, combined with the stacked rotation
curve of 97 z=0.6-2.6 star-forming galaxies'™® (Methods). For
all rotation curves we averaged data points located
symmetrically on either side of the dynamical centres, and plot
the rotation velocities and radii normalized to their maximum
values. Error bars are +1 rms. (b): The black data points
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Figure 3. Dark matter fractions. Dark matter fractions from
different methods are listed as a function of the circular
velocity of the disk, at the half mass/light radius of the disk, for
galaxies in the current Universe and ~10 Gyr ago. The large
blue circles with red outlines indicate the dark matter fractions
derived from the outer-disk rotation curves of the six high-z
disks presented in this paper (Table 1), along with the +2 rms



Astro-ph: 1703.04321

THE EVOLUTION OF THE TULLY-FISHER RELATION BETWEEN Z ~ 2.3 AND Z ~ 0.9 WITH KMOSP

H. UBLeEr!, N. M. FOrsTER ScHREIBER!. R. GEnzEL}2, E. Wisnioski!, S. Wuvyrs3, P. Lancl4, T. Naas®,
D.J. WiLmMan6:1 M. FossaTi®!, J. T. MenpeLY:S, A. Brriori®!, S. BeLui!, R. BEnpeEr® !, G. B. BRAMMER,
A. Burkgert®!, J. Cuan®! R. Davies!, M. Fasricius!, A. Garamerz!:% D. Lutz!, 1. G. MomcHEVAT, E. J. NELson!,
R. P. SacLiab® S, Sprrz®! L. J. Taccom!, K. Tapakil, P. G. van Dokkum®

! Max-Planck-Institut fiir extraterrestrische Physik, Giessenbachstr. 1, D-85737 Garching, Germany (hannah@mpe.mpg.de)
EL}UI}‘ru'tlllf_‘I’lt.H of Physics and Astronomy, University of California, Berkeley, CA 94720, UISA
3L}(t].1;u'trr1c:1'1t of Physies, University of Bath, Claverton Down, Bath, BAZ TAY, United Kingdom
* Max-Planck-Institut fiir Astronomie, Konigstuhl 17, D-69117 Heidelberg, Germany
5l'\-‘l'ri.x—Plaa.nck—lm-.'titut fiir Astrophysik., Karl Schwarzschildstr. 1, 1-85737 Garching. Germany
O Universitiits-Sternwarte Ludwig-Maximilians-Universitéit Mimmchen, Scheinerstr. 1, D-81679 Miinchen, Germany
?Spm:u Telescope Science lnstitute, 3700 San Martin Drive, Baltimore, MD 21218, USA
HL}t'.].:i'ru'tH]Ul'lt of Astronomy, Yale University, New Haven, CT 06511, USA
ABSTRACT
We investigate the stellar mass and baryonic mass Tully-Fisher relations (TFRs) of massive star-

forming disk galaxies at redshift z ~ 2.3 and z ~ 0.9 as part of the KMOS?? integral field spectroscopy
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Table 1. Median physical properties of our TFR subsamples at z ~ 0.9 (YJ), z ~ 1.5 (H), and z ~ 2.3 (K), together with the
associated central 68th percentile ranges in brackets.

z~09 z~ 1.5 z~2.3

(65 galaxies) (24 galaxies) (46 galaxies)

log(M. [Mg]) 10.49 [10.03; 10.83] 10.72 [10.08; 11.07] 10.51 [10.18; 11.00]

log(Mpy Mg]) 10.62 [10.29; 10.98] 10.97 [10.42; 11.31] 10.89 [10.59; 11.33]

SFR [Mg/y1] 21.1 [7.1; 39.6] 53.4 [15.5; 134.5] 72.9 [38.9; 179.1]

log(A MS)* 0.20 [-0.21; 0.42] 0.10 [-0.21; 0.45] -0.01 [-0.29; 0.13]

R0 [kpc] 4.8 [3.0; 7.6] 4.9 [3.0; 7.0] 4.0 [2.5; 5.2]

log(A M-R)P -0.02 [-0.17; 0.16]  0.08 [-0.10; 0.17]  0.06 [-0.14; 0.17]

ng 1.3 [0.8; 3.1] 0.9 [04; 2.2] 1.0 [0.4; 1.6]

B|T" 0.11 [0.00; 0.39] 0.00 [0.00; 0.23] 0.10 [0.00; 0.25]

Viot,max [ kim/s| 233 [141; 302] 245 [164; 337] 239 [160; 284]

o [km/s] 30 [9; 52] 47 [29; 59] 49 [32; 68

Viot.max /070 6.7 [3.2; 25.3] 5.5 [3.4; 65.6] 4.3 [34; 9.1]

Virc,max [km/s] 239 [167; 314] 263 [181; 348] 260 [175; 315]

9MS offset with respect to the broken power law relations derived by Whitaker ¢t al. (2014), using the redshift-interpolated
parametrization by W15, A MS=SFR — SFRy5(z M, )[W14]-
bOffset from the mass-size relation of SFGs with respect to the relation derived by van der Wel et al. (2014),
A N[—R:RZ[IJU 000 after correcting the H—band R, to the rest-frame 5000 .

e, M—R(z,M. )[vdW 14]"
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* Hanpamyo nsmepanucb TONbKO CKOPOCTb
BpalleHus, 3Be3aHad macca n SFR;

* A BOT bapnoHHasi macca...

 KonnyecTBO rasa oueHmBasniocb
CTaTUCTUYECKU MO 3aBUCUMOCTUN BPEMEHN
ncyepnaHumg rasa oT KpacHoro CMeLLeHUS,
MaccChbl, OTCTYNNEHNSA OT rnaBHOU
nocneagoBaTeflbHOCTU U eLe MHOro
yero... (Tacconi et al. 2017)
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Table 2. Results from the inverse linear regression fits to Equation (1) using the least-squares method, including bootstrapped
errors of the zero-point. The reference velocity is v = 242 km/s.

TFR  redshift range number of galaxies slope a (local relation)  zero-point b (error) intrinsic scatter iy
H%{Jﬁl [log(M [Mg])] [dex of Mg)|
sTFR 06<z<26 135 3.60 (Reyes et al. 2011)  10.50 (£0.03) 0.22
z~09 65 3.60 (Reyes et al. 2011)  10.49 (+0.04) 0.21
z~23 46 3.60 (Reyes et al. 2011)  10.51 (£0.05) 0.26
bTFR 06<z<26 135 3.75 (Lelli et al. 2016) 5 (£0.03) 0.23
z~09 65 3.75 (Lelli et al. 2016) 10.68 (£0.04) 0.22

z~2.3 46 3.75 (Lelli et al. 2016)  10.85 (+0.05) 0.26
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Figure 2. Position-velocity diagram of the 2CO(2-1) emission in
NGC4697, extracted along the kinematic major axis, The synthesised beam
size (along the major axis) and spectral resolution of our observations is
indicated as an error bar in the bottom-left comer. A steep increase of the
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Figure 8. As Figure 2, but overlaid with model PVDs extracted in an identical fashion from models that only differ by the central SMBH mass (blue contours).
The left panel has no SMBH, the centre panel shows our best-fit SMBH mass, and the right panel has an overly massive SMBH. The legend of each panel
indicates the exact SMBH mass used. A model with no SMBH is clearly not a good fit to the data.
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Figure 10. Mgn — . relation from the compilation of McConnell & Ma
(2013) (grey points and dotted line). We also show the SMBH mass meas-
ured for NGC4697 in this paper as a red circle and highlight measurements
from other works also using the molecular gas technique with blue dia-

monds.
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