Quantifying the stellar ages of dynamically-separated bulges and
disks of CALIFA spiral galaxies
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ABSTRACT

We employ a recently-developed population-orbit superposition technique to simultaneously fit the stellar kinematic and age maps
of 82 CALIFA spiral galaxies, and obtain the ages of stars in different dynamical structures. We first evaluate the capabilities of this
method on CALIFA-like mock data created from the Auriga simulations. The recovered mean ages of dynamically cold, warm and
hot components match the true values well, with up to 20% observational error in the mock age maps. For CALIFA spiral galaxies,
we find that the stellar ages of the cold, warm and hot components all increase with galaxies’ stellar mass, from 7.,y ~ 2.2 Gyr,
twarm ~ 2.3 Gyr and fho; ~ 2.6 Gyr for galaxies with stellar mass M, < 10'° My, to feola ~ 4.0 Gy, fyarm ~ 5.1 Gyr and tho ~ 5.9
Gyr for galaxies with M, > 10!! M. About 80% of the galaxies in our sample have o, > #.4, and the mean values of o, — Zcoiq
also increase with stellar mass, from 0.70¢ Gyr in low-mass galaxies (103 M, < M. < 10'%°M,) to 1.7*37 Gyr in high-mass
galaxies (10'° My < M. < 10''* M,,). The average younger stellar age in disks than in bulges suggests that either disks formed later
and/or experienced a more prolonged and extensive period of star formation. The lower mass spiral galaxies have younger bulges
and younger disks, while higher mass spiral galaxies generally have older bulges and their disks span a wide range of ages. This is
consistent with the scenario that the bulges in more massive spirals formed earlier than those in less massive spirals.
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parameters



OcHoBHbIe pe3ynbTaThI:

> [aHHbie CALIFA 82 cnupanbHble ranakTuku

= Hcnonb3yroT aAMHamuyeckoe moaenmpoBaHMe NapasnnesnbHo ¢ OLeHKoU
BO3pacToOB 3B€3/[

> TlonyueHbl cpefHUe OLEHKU BO3PACTOB AUHAMUYECKU FOopaUnX, TEMSBIX U
XONOAHBIX KOMMOHEHT ANs ABYX KATeropuii macc - maccmeHerx (> 101 M, ) v
manomaccueHbIx (< 10°M_ )

> <t >-<t > =¢ AThC> >0 ana 80% ranakTuk, 6onee Toro ana 6onee
MACCUBHBIX FANAKTUK 3Ta pasHOCTb 60rblue, Yem Ans meHee MaccueHbIx At9, >
ATdhc

- (CrnepoeatenbHO, BTOPLI AeNakOT BLIBOA, YTO pas AtS, (=17 Gyr)> Atd, (=07
Gyr), To cueHapuu™ paboTtaeTt

*CueHapui = banaxu MaccuUBHBIX FANAKTUK POPMUPYHOTCA paHblue, TO eCTb
bbIcTpee, Yem 6anNAXU MANOMACCUBHBIX FANAKTUK



BeeaeHue (Ha 4TO cCbINAFOTCA ABTOPLI)

>

doTomeTpulyeckas Aekomnosmumsa banax-auck - NNOXo, a AUHaMuYeckas -
Xopouo

Banaxu B cnUpanbHbIX ranakTUMKax OpMUPYHOTCS paHblle AUCKOB, AOSIblUe
3BOSNIFOLIMOHUPYHOT, YeM AUCKU, KOTOpbIE (POPMUPYHOTCA NO3AHEe U NOYTU He
BIMAKOT HA 3BONHOLMKO banaxei

Banaxu cnnpanbHbIX rANAKTUK He TOSMbKO CTaple, HO U MeTansnuyHee, U
pPasHULIA MexAay BO3pacTamu yBesIMUYMBACTCS C MACCOU, TO ecTb 6b1M10 2 3noXu
(POPMUPOBAHUA banaxen

AuHamuuecku-ropaume opbuTtsr B rpybuHe, LeHTpe banaxa, XonoaHsle - Ha
nepugepuu, T. e. XonoaHbsIe opbUTbI XOpOLIO KOpPPEnUpYHOT C
POTOMETPUYECKU-PA3SIOKEHHOU YaCTbHO AUCKA

Hons ropaumx opbUT ymeHblLaeTcs C pOCTOM 3BE3AHOU MACCHI MANAKTUKU
BnnoTs o 10°°M, , 1 yBenuumBaeTcs Ang 60nee MacCUBHBLIX FANAKTUK. PoBHO
HaobopoT ANa XONOAHLIX OpoUT



A 4YTO BOObLIE Aenanu To?

> Wpes nposepku population-orbit superposition method Ha CALIFA-moaenbHbIX
AGHHbLIX

TToTom npumeHeHue metoaa k 82 ranaxktukam ms peansHoro CALIFA
Ncnonb3ys Lsapuwmnbaosckoe AMHMUYECKOE MOACTTUPOBAHUE U
pacnpeaeneHusamm 3BE3aHbIX OpoUT, NOMYYEHHBIMU 3STUMU GBTOPAMU paHee,
OHU NOSYYaroT BO3PACT PA3SIUYHBLIX AUHAMUYECKUX KOMNOHEHTOB

V'V

To ecTb no cytn 3 6noka paboTer. TTpumeHseTca 2 aTana ANg coO3aaHUS Moaenu
Cynepno3mnLum HaceneHUn-KMHeMaTuK:

1. CospaHue cTaHAapTHOM LUBapuwmnbAOBCKOUM Moaenu opbuTanbHOM
Cynepnosuuum, NyTeém uTa pacrnpeneneHms CBeTUMOCTU U KUHEMATUKU 3BE3A,
FaNaKTUKU

2. Tlouck best-gputa, nyTém noabopa oNTUMANbHLIX CBO6OAHBIX NAPAMETpPOB
mognenu



MeTopa cynepnosuuum HaceneHu-opbut. CosaaHue
mogaenu opbutanbHOU cynepnosmumm

TToaxopa, aHanoruyHein BaH aeH bowy (2008) - TpéxocHas WeapLULWUIbAOBCKAS
Mmopdenb: pacnpepernieHue macc 3B€3f, Macca YEpHOU AbIpbI, BHYTpeHHUe CTPYKTYphI.
Tpu wara ans cosaaHua moaenu:

1. TlocTpoeHwe rpaBUTALIUOHHOIO NOTeHUMUana
C3IMNAUHT U UHTerpupoBaHue opbuT

3. HaxoxaeHue opbUTANbHLIX BECOB U3 (PUTA AAHHLIX HabnroaeHuii (2d
NOBepXOCTHAs ApKOCTb, 3d NNOTHOCTL CBETUMOCTU, 2d KMHemaTuka)

1. MGE 2d pasnoxeHue

2. 3d nnoTtHocTb cBeTUMOCTU npoeumpyetca us 2d MGE ¢ yuétom yrnos
HabnroaeHus (0, ¢, Y)



MeTopa cynepnosuuum HaceneHu-opbut. CosaaHue
mogaenu opbutanbHOU cynepnosmumm

3. ymMHoxas Ha M/L nnoTHOCTb CBETUMOCTU U peluas ypaBHeHue TTyaccoHa
nosly4aem rpaBUTALMOHHBIN NOTeHuuarn

4. yuutbieaetca noteHuman (NFW) 1émHoro rano: TyT BbINne3aroT nepsble 2
csoboaHbIX napameTpa - M, (Macca B Npeaeniax BUpUAnNbHOMO paamnyca) U ¢ -
MNOTHOCTb CKPbITOW MACCHI

5. yrnel HabnroaeHus (8, @, W) NepeBoAATCA B NAPAMETPLI TPEXOCHOCTU MaNAKTUKU:
BBOAATCA OTHOLWeHUa ocel p = b/a, q = ¢/a n pakTop cxatma u

6. [ns npepotspalleHus BbIpoxaeHUs ycTaHasnueaetcs u = 0.9999, a takxe
NCMONb3yHOTCA U3BECTHLIE U3 APYTrUX paboT cooTHoweHua M, - ¢

7. B utore umeem 4 ceoboaHerx napametpa - (M/L)., p, q, My,



MeTopa cynepnosuuum HaceneHu-opbut. CosaaHue
mogaenu opbutanbHOU cynepnosmumm

8. OpbuTel - U3 Tpéx uHTerpanos AsuxeHusa (E, I, I.). B CALIFA 21 x 10 x 7 ans
HY.

9. Umeetca 3 x 21 x 10 x 7 = 4410 y3noe opbut. Beca noabuparotca NNLS, npuuem
KMHemMaTuKa 38€34 U NIOTHOCTb CBETUMOCTMU bepyTca 3a orpaHuyeHus NNLS.

10. Ha nocnepHem ware opbuTanbHOro MoAeNUpPOBAHUS - UTEPATUBHBIW npoLuecc
noabopa cB060AHBIX NApameTpos..

11. Nanee npoucxoauT BO3pacTHAs MAPKUPOBKA KAXAO0M OpbUTLI. 3BE3AbI Ha
OAUHAKOBOU 0pbuTe 0611aAAHOT OAUHAKOBLIM BO3PACTOM.

Kaxaas opbuta xapaktepusyercs cpefHUM paauycom U T. H. NAPAMeETPOM
"KpyroobpasHocTu” A_, SBASFOLMMCS YFNOBEIM MOMEHTOM OTHOCUTESTbHO MAnou ocu
HOPMUPOBAHHBIM HAQ MOMEHT KpyroBou OpbUTLI C TOU Xe MONHOW 3Heprueu.
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Fig. 1. The probability density distributions of stellar orbits P(4,, r)
in the phase space of time-averaged radius r versus circularity A,
for the best-fitting model of a typical simulated spiral galaxy. The
normalized probability P/Pnax is indicated by the colour bar. We adopt
the Voronoi-binning scheme in the A,-r plane to make roughly equal-
weight orbit bundles, with their boundaries being represented by the
blue lines.
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Fig. 2. The mock surface brightness, stellar kinematic data and the best-fitting model for Au-6 with inclination angle # = 60°. From left to
right: the logarithmic normalised surface brightness, mean velocity V, velocity dispersion o, skewness A3, and kurtosis h,. From top to bottom: the
mock observations, the model fittings, and the residuals. The residuals represent the relative deviations of surface brightness and the standardised
residuals of kinematics.



Banuaauusa metoaa ¢ nomoubro Auriga

TTpoekT Auriga (Au) - HA6Op KOCMOMOTUYECKUX MATHUTOTUAPOAUHAMUYECKUX
mogenen, coctosawmx us 30 M30NUpOBAHHLIX rano maccot MneuHoro TTyTu.
MogpenuposaHue BkNrOYaeT B cebs KOMMNIeKCHbIe pu3nYeckmue npoLecchl
(POPMUPOBAHUSA TANAKTUK, TAKUE KaK:

- OXnaxAeHuwe rasa Yepes NUHUU MeTanNNoB (AUN3NEeKTPOHHAsS pekoMbuHauus +
peakuum nepesapsaakm UOHOB);

- rnbpuaHoe MHoromasHoe 38€30006pasosaHUe

- 3B€3aHbIN U AGN feedback

- UV penukrtosbIv ®oH

- MAarHuWTHbIe nons

HauanbHbie maccer 6apUOHHBIX YACTULL U YacTULL TEMHOM maTepum 5 x 10*°M_ u 3
x 10°M_ cootseTcBeHHo (6rand et al. 2017).



PesynbTathl BANMAaUUU cumynaumm

PacnpepeneHue opbut ang Kaxaomu cumynaumm — 6anNecoBCKUU aHANU3 C NTOXHOM
KapTou BO3pacTa U3 3aGBMCUMOCTU "KUHEMATUKA - BO3PACT" Nosny4aroT
QNPUOPHBLIU BO3PACT OpOUTHI.

Mognenb A - Bo3pacT oavH (UTepatueHas moaens). Moaens B - mynbTueo3pactHas
mopenb (Mo CyTU ycpeAHeHNe HeCKOMbKMX MOAenen, CBA3b BO3pacTa c A ).
[eTtanbHoe pacnpeaeneHue 3834 NOSHOCTbHO He BOCCTAHOBEHO (3BE€3AbI C
BO3PacTOM MeHee 3 Gyr nioxo OTPaXaroTCa MOAENAMM)

PaspeneHue Ha xonoaHere (A > 0.8), Ténnbre (0.25< A < 0.8) n ropauue (A < 0.25)
opbuThI. TOpaune OpbuTLI BKNFOUAHOT NPOTUBOBpPALLEHUE.

3aTem BbIUUCIISETCS UCTUHHBIN U CPefHUMN MOAENbHLIW BO3PACThI AN BCeX
“MaKkeTHbIX" AAHHBIX Auriga.



10
05 y
<
g |
00r g
@
E i
=
@)
L
05 1
-------- uniform prior
-|—iteratively refined prior
®
] e e e e
0 5 10

t [Gyr]

Fig. 3. The correlation between stellar age ¢ and circularity A,
demonstrated with Au-6-60-5. The black dotted line represents yy of
the uniform prior we started with, while the red solid line represents
of the iteratively refined prior based on the results from the previous
model run. The red dots represent the final #; obtained in the last model
ileration, with larger dot sizes indicating larger orbit weights of the orbit
bundles.
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Fig. 4. The parameter space of the age-circularity priors for Au-6-
60-5. We use three parameters to determine the A,-f prior, including the
age when A, = 0, the age when A, = 1, and the dispersion o. The
largest orange triangles denote the model with minimum y? and the
other coloured dots represent the models within 1o~ confidence level,
as indicated by the colour bar. The small black asterisks represent the
models outside 1o~ confidence level.
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Fig. 6. The probability density distributions of stellar orbits P(A,,) in the phase space of circularity A, versus age ¢ for Au-6-60-5. Left
panel: the true distribution directly derived from the simulation. Middle panel: the model recovered distribution from Model A. Right panel: the
model recovered distribution from Model B, which is the average of all acceptable models within 10 confidence level. The normalised probability
P/ P is indicated by the colour bar. The horizontal dashed lines divide the cold (4, > 0.8), warm (0.25 < 4, < 0.8) and hot (4, < 0.25, including
the counter-rotating orbits) components. The solid blue line in each panel represents the mean stellar age as a function of circularity from the
simulations, while the blue dashed lines denote the model recovered ones from Model A and Model B.
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Fig. 7. One-to-one comparison of the true and model recovered age of the cold, warm and hot orbit components for all mock data sets. Top
left panel: results using Model A and mock data with MUSE-like spatial resolution from Zhu et al. (2020). Middle panels: results using Model A
and mock data with CALIFA-like spatial resolution. Bottom panels: results using Model B and mock data with CALIFA-like spatial resolution.
In the middle and bottom panels, the relative observational errors equal to 5%, 10%, 15% and 20% from left to right. The triangles, squares and
circles represent the mock data sets with inclination angles 40°, 60° and 80°. Blue, orange and red markers denote the cold (4, > 0.8), warm
(0.25 < 4, < 0.8) and hot (4, < 0.25) components, with their corresponding mean bias and statistical uncertainty shown by the coloured texts and
error bars in each panel. The dashed lines represent the equality of 7;,04e) and £, While the dotted lines are +1 Gyr away from the dashed lines.



[NaHHbIe CALIFA

Y 300 ranaktuk CALIFA co 38é3aHbIMmm maccamum 1087 < M, < 1011°, umerowme
3BE34HYHO KMHemaTuky u SDSS DR8 usobpaxeHus B r-punbTpe bb1nu
NPOMOAENNPOBAHLL (TPEXOCHLIM/ TPUAKCUANBHLIM) MeToaom LUsapuwumnbaa.

N3 300 ranaktuk 227 (160 cnupanbHeix u 60 paHHero Tmna) umenu nonHeIn Habop
Mofernew Cynepnosmumm opbut us npeasiaylueri paboTel AGHHBIX ABTOPOB 5-neTHel
AasHocTU. M3 160 nuwb 113 ranakTuk umeroT Hagexallee Ka4ecTBO moaeren u
rapaHTUpOBAHHOe Kka4yecTBO AaHHbIX. [anee oTbpoLweHsbI (rnasamum) ranaxkTUKm
UMetroLLne SBHYHO AdCUMMETPURO B KAPTAX BO3PACTA, MOCKOSIbKY UCMOSIb3yemble
AQBTOPAMMU MOAesNN TOYeUYHO-CUMMETPUYHBL) - U TaK ocTanocb 82 S-ranaktukum. Ux
3BE3AHbIE Macchl fiexat B npegenax 1089 - 1013,

Y 300 ranaktuk CALIFA co 38é3aHbimm maccamum 1087 < M, < 1011°, umerowme
3BE34HYHO KMHemaTuky u SDSS DR8 usobpaxeHus B r-punbTtpe bb1nu
NPOMOAENNPOBAHLL (TPEXOCHLIM/ TPUAKCUANBHLIM) MeToaom LUsapuwumnbaa.



[NaHHbIe CALIFA

N3 300 ranaktuk 227 (160 cnupanbHbix u 60 paHHero Tmna) umenu NosHbLIN Habop
mogdenew cynepnosmumm opbuT us npeabiayliev paboTbl AAHHBIX ABTOPOB 5-neTHel
AasHocTU. M3 160 nuwb 113 ranakTuk umeroT Hapghexallee Ka4ecTBo moaernem u
rapaHTUpPOBAHHOe Ka4yecTBO AaHHbIX. [anee oTbpoweHsbI (rnasamum) ranaxkTUKm
UMeroLlpe SBHYHO ACUMMETPUHO B KApTax BO3pACTa, MOCKOSIbKY UCMOSb3yemble
AQBTOPAMMU MOZesIN TOYeUYHO-CUMMETPUYHBL) - U TaK ocTanocb 82 S-ranaktukm. Ux
38E34HbIe Macchl fiexart B npegenax 1089 - 1013,

* 80% ranakTuk UMeroT OTpULIaTESbHLIW MPaAUEeHT BO3pacTa

* 947 ranakTuk cTaple BO BHyTpeHHel 06,1acTU, paBHOM NMOMOBUHE
3(PEPEKTUBHOIO paauyca

* 67 ranakTUK paHHUX TUMOB He YYaCTBOBASU B CTATUCTUKE, MOCKOJSIbKY BO3pacT
nux banaxe NPocTo-HANPOCTO bpancs Kak cpeAHUN BO3pPACT BCEU ManaKTUKU
(NpUYMHa - HeT OYeBUAHLIX rPaAUeHTOB BO3pAcToB)
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Fig. A.1. The binned r-band surface brightness profiles ji, versus radius R/R.. Our sample is divided into six mass bins with intervals defined
by log(M./M;) = 8.9, 10.0, 10.3, 10.6, 10.8, 11.0 and 11.3. In each panel, we bin the profiles of galaxies within a certain mass bin for cold
(4, > 0.8, blue lines), warm (0.25 < A, < 0.8, orange lines), and hot (4, < 0.25, red lines) components separately. The number of galaxies N in

each bin is shown by the text. The horizontal dotted lines in each panel represent the values of 10' and 10°.
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Fig. A.2. The luminosity-weighted age profiles (/) along major and minor axes versus radius R/R.. The left panels show the profiles of
all 160 spiral galaxies by matching the catalogues from Zhu et al. (2018b) and Zibetti et al. (2017), while the right panels show the profiles of
82 spirals in our final sample. The ellipse on the right of the figure illustrates how we calculate the age profile: for each galaxy, we find its major
axis from the image and divide the image into different regions (separated by the dotted lines) by a step of 30° starting from the major axis.
Then we calculate the luminosity-weighted age profile within +30° regions away from the major axis (magenta shadow, corresponding to the top
panels) and the minor axis (grey shadow, corresponding to the bottom panels). Each fold line in the panels indicates a galaxy, with its stellar mass
log(M./M,) being indicated by the colour bar.



[NaHHbIe CALIFA

Ans kaxpon u3 82 ranaktuk, asTopsl 6epyT Bce OpOUTHL B
npepenax R .. 1 aenat ux Ha 15 6uHoe no A . Nanee
BLIUMCIIACTCA MSIOTHOCTb BEpOATHOCTU P(A ) 1
pacnpeseneHue sospactos t(A).

ABTOpbI 6BUHHUPYHOT FANAKTUKKU NO Maccam Ha 6 6uHos U
BLIYUCNAFOT CpeaAHUe BO3PACTLI U AO0NIU CBETUMOCTU TPeX
AVHAMUYECKU-BbIACIEHHBIX KOMMOHeHToB. bonee monoasie
38€34bI B AUHAMUYECKU-XONOAHBIX KOMMOHEHTax, 38e34bl B
XONOAHbIX AUCKAX - CAMbIE MOJS10AbIe, MPUYEM BCE TPU
KOMMOHEHTa CTaperoT C yBesinyeHunem 38€3AHOU Macchl
ranaktukm: ¥ <t <t .. ABTOpBI 3a9BNAFOT O

cnpaseAsIMBOCTU ClieHapus bonee paHHero obpa3osaHus U
banaxeu U AUCKOB y bonee MACCUBHBIX ranakTUK

CALIFA observation Observational error
lobs [Gyr] tobserr [G)’r]

2 4 6 8 10

Model fitting
tmodel [Gyl']
2 4 6 8 10

Residual

(tmodel T tuhs)/tobserr
2 1 0 1 2

y [arcsec]

y [arcsec]

Model B

-20-10 0 10 20
X [arcsec]

Fig. 8. The binned age map and the best-fitting models for NGC
0171. Top panels: the binned age map #,,, and the binned error map
topserr; Middle panels: the best-fitting age map #,04¢ and the standardised
residuals between mock observations and model fittings fgres = (fmodel —
tobs)/ Tobserr derived from Model A; Bottom: similar to middle panels but

derived from Model B.
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x [arcsec]
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Fig. 9. The probability density distributions of stellar orbits and the distributions of stellar ages within R. versus circularity 1. for each
of 82 CALIFA spirals. Each column in the top panel shows the orbit probability P(4,) of a certain circularity bin (y-axis) for a galaxy (x-axis),
as indicated by the colour bar. The sequence of galaxies along the x-axis is sorted by increasing stellar mass from left to right, with the positions
of some typical stellar mass log(M./ M) shown at the top of the figure. For each galaxy, the average circularity of all stellar orbits is calculated,
with the black fold line denoting its variation with stellar mass. The results in the top panel originally come from Figure 2 of Zhu et al. (2018b),
which plots a similar orbit distribution for each of 300 CALIFA galaxies. The bottom panel correspondingly presents the age ¢ of each circularity
bin for each galaxy, with bluer pixels indicating younger stellar populations and redder pixels denoting older populations. The horizontal dashed
lines in the top and middle panels divide the cold (4, > 0.8), warm (0.25 < A, < 0.8) and hot (1, < 0.25, including the counter-rotating orbits)

components.
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Fig. 10. The luminosity-weighted orbit fractions and mean stellar
ages of the cold, warm and hot components within R. as a func-
tion of galaxy’s stellar mass. In the top panel, the blue, orange and
red lines represent the luminosity-weighted fractions of the cold, warm
and hot components in different mass bins. In the bottom panel, the
coloured solid lines with dots denote the mean ages of the cold, warm
and hot components within different mass bins derived from Model B.
The coloured shadows represent the overall uncertainties of Model B.
For comparison, the mean ages of the cold, warm and hot components
derived from Model A are shown by the coloured dashed lines, with
the coloured error bars representing the typical overall uncertainties of
Model A at the low-mass and high-mass ends.



[aHHbIe CALIFA

TTpUYEM BO3paACT ropsayert KOMMNOHEHTLI C MACCOU MafIaKTUKU YBeSIMUYUBAETCS

Y 10
6bicTpee Bo3pacta xosnioaHoU. TTpu M, < 10 M

< Tco|d> =22 Gyr < Twar'm> =2.3 Gyr' < Tho‘r >=2.6 Gyr
AnpuM,>10MM_ ¢

n

< Tcold >=4.0 Gyr < Twar'm >=31 Gyr' < Tho‘r >=3.9 Gyr
Y ynomaHyTou paHee mopenun A HeonpeferneHHOCTU BO3pacTos bonblue,

B moaenu B pasHocTe Bo3pacToe npetepnesaet usnom npu M = 10192 M__, uto
NOCIYXUNO NPUUYUHOM YCIIOBHOMO pasfesieHna Ha MACCUBHBIE U MASTIOMACCUBHbBIE
ranaktukm. [na manomaccueHbix npu < At, > = 0.7 Gyr pasHoctb < At, <2 Gyr, B 10
Bpems Kak Ans maccueHbix < At, > = 1.7 Gyr, npuuém o(At9, ) = 0.9 Gyr < o(At9, ) =
1.4 Gyr.



[NaHHbIe CALIFA

B moaenu A cutyauus npakTUYecku aHanoruyHa,
XOTb U B MoAenu B anpuopu nonaranoch
npeAnoJsiokeHne O CBA3M BO3pacTa C A..

NTak, ocHOBHOW BbIBOA U3 NOCNEeaHUX TpeX
rpacpukos - Y 80% S-ranaktuk CALIFA 6anax
cTaplie AUCKA: U Y MACCUBHBIX U Y
MANOMACCUBHBIX S-ranakTUK cuTyaums
OAVHAKOBAA, YTO COrNacyeTcs ¢ KOCMOMOrUYecKou
mogenbro TNGDH0, cornacHo koTopow cnupanu ¢
maccamu < 10'° M, Ha 60MblIMX U CpeaHUX Z
0bpa3yroT cBou 6anaXxu U AUCKU OAHOBPEMEHHO C
HenpepbIBHLIM SF B HUX, Nnpuyem SF B anckax
3aTyXaeT MeAfieHHee, a CleAoBaTesibHo U cpeaHUI
BO3pacT AUCKOB YyTb MONOXe BO3pacTa bangxen.
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Fig. 11. The age difference between the hot and cold orbit compo-
nents fho — feold Within R. versus stellar mass. The red markers indi-
cate ot — Icold derived from Model B for each galaxy in our sample,
with the triangles representing low-mass spirals (M, < 10' M) and
the circles representing high-mass spirals (M, > 10'%° M,). The corre-
sponding red curve represents the moving average of o — feo1q- The red
shadow denotes the overall uncertainties of Model B. For comparison,
the moving average of f,; — f.oiq and the overall uncertainties derived
from Model A are shown by the blue dashed line and the blue dotted
lines. The horizontal dotted line means fho = fold, While the vertical
dotted line denotes M, = 10'°° M. The mean values of tyo — fcoq for
low-mass spirals and high-mass spirals are shown by the texts.



[aHHbIe CALIFA

MaccuBHbIe cnMpanu UMeroT OYeHb cTapbie 6anaxu, HO UMeroT WUPOKUIM AMANA30H
BO3pACTOB 3BE34, TO eCTb 6ANAXU Y TAKUX ranakTUk obpasyroTcs B pesysibrate
BCMBIWKM 3BE3A006pa30BaAHUS Ha 60MbLIUX Z. A AUCKU (POPMUPYHOTCS Yxe No3xe
obpasosaHus 6anaxa v BoobLe MOryT paspyLaTbCa NpU MEPKUHTE, HO
BMOCNEACTBUU MOTYT 6bITb BOCCTaHOBMeHbI. LUnpuHa ananasoHa BO3pacTos AUCKaA,
MO MHEHUIO aBTOPOB, BLI3BAHA PA3HOW UCTOPUEU MEPKUHTQ.

Tem He meHee ecTb ranNaKTUKKU ¢ 6aNAXamm MonNoxe AUNCKOB. ABTOPLI NONAraroT YTo
TaKoe MOXeT NMPOU3OUTU U3-3a:

>  yAylWbsa OKpyXarolen cpenou
-=> 3BE€34HbIX BETpOB

[anee aBTOpbI CPABHUBAFOT CBOU pe3ysibTaTamu C pesysibTatamum apyrux pabor.
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Fig. 12. One-to-one comparison of bulge ages f,,,. and disk ages 74 from different works. The dots represent 82 CALIFA spirals in our
sample, with the bulge and disk ages corresponding to the ages of the hot and cold components within R, derived from Model B (fyuge=thot»
taisk=tco1d)- The circles indicate 91 spiral galaxies at redshift 0.14 < z < 1 from Costantin et al. (2022). The triangles denote 29 CALIFA SO
galaxies (shifted 2 Gyr younger for both bulges and disks) from Pak et al. (2021). The pentacles denote 18 early-type galaxies in the Fornax
Cluster from Ding et al. (2023). The stellar mass of galaxies are indicated by the colour bar. The region covered by the grey dashed lines (shifted 4
Gyr younger for both bulges and disks) roughly shows the density distributions of 272 MaNGA early-type galaxies from Tabor et al. (2019). The
grey squares and diamonds represent the mean bulge ages and disk ages in the samples of 279 MaNGA SO galaxies (Fraser-McKelvie et al. 2018)
and 78 MaNGA S0 galaxies (Johnston et al. 2022), respectively, with the corresponding error bars representing the standard deviations of bulge
ages and disk ages.



O6cyxpaeHue m BoiBoabl I. Bospact banaxa u aucka

% ABTOpLI NOMAraroT, UTO cpasHeHWe ¢ Tabor et al. (2019) (rae 6anaxu umeroT
Te Xe BO3pacta YTo U AUCKU) HEeKOPPeKTHO, NOCKONbKY B Tou paboTe no MaNGA
meToAbI onpepenieHns BO3pacta AUCKa U banaxa He OAUHAKOBSL.

% Aot Ding et al. (2023) npumeHsaroT Te xe MeToAbI, HO ANS FanakTUK PaHHUX
TMnos ckonsneHusa Fornax. B Tou paboTe 66110 HalAeHo, YTO pasHULIA BO3pACTOB
banaxen U AUCKOB CBA3AHA C BpemeHeM NajaeHUs ranakTUKU BHYTpb CKOMSeHUs.

% Te ranakTuku, YTO yXe AABHO YNASIU Ha LeHTp MMeroT OAUHAKOBLIE BO3pacTa
banaxen U AUCKOB, a Te, YTO TOMbKO HAYUHAKOT UNU MPOAOIIKAFOT NageHue
UMerOT BO3pacTa banaxew B cpeaHem Ha 2 Gyr cTaple AUCKOB, NOA06HO
cnupanam B CALIFA.

* Ha 6onbwux z (ao 1) 85% S-ranakTtuk Takxe umeroT 6anaxu, KOTopsle MHOTO
cTaple AUCKOB, Kak NokasaHo B paboTe Costantin et al. (2022). TTpuuém 8 Ton
paboTe, AHANOrMYHO 3TOU, NOKA3AHO, YTO pa3HULA B BO3PACTAX YBeIMYMBAETCS
CO 3BE€34HOU MaCCOW.



O6cyxpaeHue m Boieoabl II. BospacT - macca banaxa

* Takxe nonaraetcs, 4To Ha z 60nblWUX, YeM Y raniakTUKU B AAGHHOM paboTe
BO3paAcCT HacesieHU AUCKa v banaxa B cpefHemM MOMOXe, YTO JIOMUYHO, a Takxe
yro B pabote Costantin et al. (2022) ucnonb3osanacb olyeHKa BO3pacToB ANCKOB
Ha 60nblWnX paaunycax, rae 38€3Abl nonararotca 6onee monoabiMnu™*

%  ABTOpbLI UCCIefoBaANU 3aBUCUMOCTbL BO3pacTa banaxa oT ero macchl Ans
FaNakTUK paHHUX TUNOB, rAe BO3pacT banaxa, B CUNY OTCYTCTBUS FpaaueHTa
BO3pacTa 3B€3A BAONb paAUYyCa, NPUHUMANCS PABHLIM CpefHeB3BelleHHOMY Mo
CBETUMOCTU BO3PACTY 3BE3A MANAKTUKU LESTUKOM

* Kak uy S-ranaktuk, 6anaxu ranakTmk paHHUX TUMOB TeM MACCUBHee, Yem
cTapwe. XOT4a cyAa No rpaduKy Ha cneayrollem cnamae, Ang ranakTukK paHHUX
TUMOB 9 He BUXY TAKOBOW 3aGBUCUMOCTU...

% ABTOpLI AenaroT BLIBOA: NPpU 06beauHeHUU cnupanei U ranakTuk paHHUX
TUNOB, TO HaceneHue banaxent B CALIFA 6umoaanbHo: 6anaxu nepsoro tuna
W BTOpOro Tuna (Unu nepeou U BTOPOU BOJSTHBI).
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Fig. 13. The bulge ages versus bulge mass for spiral galaxies and early-type galaxies. In the main panel, the blue triangles represent 82 bulges
in spiral galaxies in our sample, and their ages correspond to the ages of the hot component within R, derived from Model B. The red circles
denote 67 bulges in early-type galaxies in our contrast sample, and their ages correspond to the luminosity-weighted mean ages calculated from
the age maps. The blue solid line with shadow represents the mean bulge ages and uncertainties of spiral galaxies within different mass bins, while
the red solid line denotes the mean bulge ages of early-type galaxies within different mass bins. In the top and right panels, the corresponding
coloured solid lines represent the marginalised distributions of bulge mass and bulge ages in our work. The dashed lines denote the distributions
from Costantin et al. (2022), with the blue lines representing the "second-wave bulges" and the red lines representing the "first-wave bulges".



banagxu 1l v 2 Tuna

% banaxu nepsoro Tuna pacTyT
6bICcTpO B paHHew BceneHHown,
6naropaps AUNCCUNATUBHBIM
npoLeccam, BO3MOXHO
NpO3BONFOLIMOHUPOBAB A0 Z~2
(no 10.5 Gyr) "red nuggets"”

% bBanaxwu BTOporo Tuna
popmMumpyroTcsa nosxe: z~1-2 (7.9
- 10.5 Gyr), Ho Kak U banaxu
nepBoro Tuna, 3Tu 6anaxu
UMeroT TeHAeHUMIO npuobpeTatb
auckum k z~0.5 (5.2 Gyr)

% banaxu cnupaneir CALIFA -
6anaxu 2 TMna, HoO ecTb HFOAHC
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Bangxu 1 u 2 Tuna. U utor paboTer

* bangxu cnupanen CALIFA - 6anaxu 2 TUNa, HO eCTb HHOGHC: B BbIGOpKe
aBTOpOB 6onblue banaxew ¢ marnou maccou (OHU NpeanosnararoT, YTO 3TO
3(PPeKT cenekumun), a banaxm S-ranakTuK Ha Camomo Aene ctaple banaxen 2
TMna

% TTo MHeHUro aBTOPOB, 3TO BLI3BAHO **

OcCHOBHbIe BbIBOALI pabOThI:

> CuctemaTtuKka B pasHOCTU BO3pAcToB banaxei U AUCKOB OT MANTOMACCUBHBIX K
MACCUBHBIM AUCKOBBLIM raniakTUKam ykasbisaeT Ha PA3HYHO uctopuro ux
CPOPMUPOBAHUS, YTO AOJIKHO paAOBATbL KOCMOJSIOrOB

=> PasnuyHbie UCTOpUU CyXOro/MOKpPOrO MEPKUHIA MOTYT 9BNATLCA MPUYUHOU
bonblworo pa3bpoca BO3pACTOB AUCKOB B MACCUBHBLIX CAMPASIbHBIX FANAKTUKAX

Cnacubo 3a BHUMaHue!



