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2 exhibit clumpy morphologyMany SFGs at z~Many SFGs at z~ exhibit clumpy morphologyexhibit clumpy morphology
Robust in both observations and simulations
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High gas fractions cause giant clumps to form in situ in High gas fractions cause giant clumps to form in situ in 
the disc through VDI
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Toomre 64
Noguchi 99
Immeli+ 04
Bournaud+ 06, 08
Dekel+ 09, 13
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Clumpy discs may also be merging systems

Krumholz+ 10
Genel+ 12
Cacciato+ 12
Forbes+ 12, 13
Ceverino, Dekel, N. Mandelker+ 12

Clumps should survive feedback, migrate to the center and Clumps should survive feedback, migrate to the center and 
form a bulgeKrumholz, Dekel 2010   Dekel, Krumholz 2014 Bournaud+ 14   N. Mandelker+ 14

Clumps should not survive feedback, destroyed in 𝑡𝑡𝑑𝑦𝑛
Mauuray+ 10   Genel+12   Hopkins+ 13

Nir Mandelker, UCSC Galaxy Workshop, August 13 2014

Is it really Toomre? (talks by Burkert, Inoue, Dekel)
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Clump Survival

Nir Mandelker, UCSC Galaxy Workshop, August 13 2014

Ceverino+ 10

Also:
Ceverino, Dekel, 
Mandelker+ 12
Dekel & Krumholz 14
Mandelker+ 14

Hydro ART 
“Generation 1”

~50 pc 
resolution

SN feedback 
only

Clumps 
migrate to 
bulge in orbital 
timescale
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Genel+ 12

Also:
Hopkins+ 13
Murray+ 10

Winds cause clumps to disrupt in a dynamical time. Without winds, clumps migrate

Genel

Clump Disruption?

Nir Mandelker, UCSC Galaxy Workshop, August 13 2014

Gadget 2

~100 pc 
resolution

artificial strong 
winds put in 
(Oppenheimer 
and Dave)
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A Bathtub A Bathtub MMModel for Clump Evolution

ToomreToomre Instability:
VG
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MigrationMigration to center due to DF, MigrationMigrationMigrationMigration to center due to DF, to center due to DF, 
torques and clump encounters

𝑡𝑚𝑖𝑔 ≈ 𝛿−2𝑡𝑑𝑦𝑛 ≈ 10𝑡𝑑𝑦𝑛 ∼ 250 − 500𝑀𝑦𝑟

Mass gainMass gain by accretion of gas Mass gainMass gainMass gainMass gain by accretion of gas by accretion of gas 
from the disc

 𝑀𝑎𝑐𝑐 ≈ 𝛼 𝜌𝑑 𝑅𝑇
2 𝜎𝑑

Dekel, Sari, Ceverino 2009

N. Mandelker+ 2014; Dekel & Krumholz 2014; Bournaud+ 2014

Without outflows, clump mass can > double Without outflows, clump mass can > double 
during migrationduring migration
Seen in weak feedback simulations
N. Mandelker+ 2014

𝑡𝑎𝑐𝑐 ≈
2

𝛼
𝑡𝑑𝑦𝑛 ≈ 10𝑡𝑑𝑦𝑛 ≈ 𝑡𝑚𝑖𝑔

Dekel, N. Mandelker, Bournaud 2014 (in prep)

 𝑀𝑔𝑎𝑠 =  𝑀𝑎𝑐𝑐 −  𝑀𝑆𝐹𝑅 −  𝑀𝑜𝑢𝑡
 𝑀𝑠𝑡𝑎𝑟𝑠 =  𝑀𝑆𝐹𝑅 −  𝑀𝑠𝑡𝑟𝑖𝑝𝑝𝑖𝑛𝑔
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A Bathtub A Bathtub MMModel for Clump Evolution

Star formation 𝜖𝜖𝜖𝑆𝐹 ∼∼ 0.00.0202, 𝑡𝑡𝑑𝑑 ≥≥ 33𝑡𝑡𝑓𝑓 𝑡𝑆𝐹𝑅 ≈ 𝜖𝑆𝐹𝑅
−1
𝑡𝑓𝑓 ≈ 30𝑡𝑑𝑦𝑛 ≈ 3𝑡𝑚𝑖𝑔

Momentum driven outflows Momentum driven outflows –Momentum driven outflows Momentum driven outflows 
a steady wind, with minimal photon trapping

 𝑝𝑤 ≈ 3 𝐿/𝑐 → 1−2≈ߟ

Krumholz & Thompson 2012, 2013; Dekel & Krumholz 2014

Consistent with Genzel+ 2012; Newman+ 2013

𝑡𝑜𝑢𝑡 ≈ 𝜂−1𝑡𝑆𝐹𝑅 ≈ (1 − 2)𝑡𝑚𝑖𝑔

𝑡𝑚𝑖𝑔 ≈ 𝑡𝑎𝑐𝑐 ≤ 𝑡𝑜𝑢𝑡 ≤ 𝑡𝑆𝐹𝑅

Dekel, N. Mandelker, Bournaud 2014 (in prep)

Nir Mandelker, UCSC Galaxy Workshop, August 13 2014 8
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A Bathtub Model for Clump Evolution
Dekel, N. Mandelker, Bournaud 2014 (in prep)

At any At any 𝜂𝜂, mass varies by less 𝜂, mass varies by less , mass varies by less , mass varies by less 
than factor 
, mass varies by less , mass varies by less 
than factor than factor 2

For For 𝜂𝜂~~~2 −− 444, mass is ~ constant
𝜂 ≪≪≪ 1

𝜂𝜂 , mass is ~ constant, mass is ~ constant
1111, mass grows by factor ~

, mass is ~ constant
, mass grows by factor ~, mass grows by factor ~2
𝜂 ≫≫≫ 1
, mass grows by factor ~

1111, mass 
, mass grows by factor ~, mass grows by factor ~

, mass , mass goes to 
, mass grows by factor ~, mass grows by factor ~

goes to goes to 0

For For 𝜂 << 44 gas fraction ~ constant<<< 444 gas fraction ~ constantgas fraction ~ constant
(sensitive to (sensitive to (sensitive to 𝑡𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑/////𝑡//𝑡𝑡𝑡𝑡𝑓𝑓

gas fraction ~ constant
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)

Nir Mandelker, UCSC Galaxy Workshop, August 13 2014

 𝑡𝑑 𝑡𝑓𝑓 = 3

𝑓𝑔0 = 0.6

𝛼 = 0.2

𝜖𝑓𝑓 = 0.02

(((robust
goes to goes to goes to 

robustrobust)
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Isolated Disc Simulations with RAMSES
Dekel, N. Mandelker, Bournaud 2014 (in prep)

Simulations by Simulations by BournaudBournaud+ + + 2014

Clumps above 108 𝑀⊙ that survive longer than 200 𝑀𝑦𝑟

Galaxy baryonic masses of Galaxy baryonic masses of 44 ×× 101010 −− 44 ×× 10101111𝑀𝑀⊙Galaxy baryonic masses of 
60
Galaxy baryonic masses of Galaxy baryonic masses of 
6060% gas fraction

Nir Mandelker, UCSC Galaxy Workshop, August 13 2014

Simulations by Simulations by 

Galaxy baryonic masses of 
Maximal AMR resolution of 

××Galaxy baryonic masses of Galaxy baryonic masses of 44
Maximal AMR resolution of Maximal AMR resolution of Maximal AMR resolution of 3.5 

10101010×× 1010

3.5 3.5 pc
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Zoom in Cosmological Simulations with ART
KravtsovKravtsovKravtsov+ + + 199719971997, 19971997, 1997, 1997 200320032003; ; ; CeverinoCeverinoCeverino+ + + 200920092009, , 201020102010, , 2014

Halo masses of Halo masses of 101011 −− 10101212𝑀𝑀⊙⊙⊙ at 𝑧 ~~ 1

Maximal AMR resolution of ~Maximal AMR resolution of ~25 25 pc

Nir Mandelker, UCSC Galaxy Workshop, August 13 2014

Thermal feedback from stellar winds and Thermal feedback from stellar winds and SNaeSNae -- no shutdown of cooling, Thermal feedback from stellar winds and 
~
Thermal feedback from stellar winds and 
~~30
Thermal feedback from stellar winds and Thermal feedback from stellar winds and Thermal feedback from stellar winds and 

30303030% runaway stars

~~30 30 pairs of simulations with identical ICs

Run with and without radiation pressure Run with and without radiation pressure feedback with 𝜏𝜏𝐼𝑅 == 1Run with and without radiation pressure 
Produces Produces Produces 𝜂 ∼∼∼ 222 (((((0.000.2 −−− 101010)
Run with and without radiation pressure 

)) globally

33D clump finder (Mandelker+ D clump finder (Mandelker+ 141414) run on both gas and stars3D clump finder (Mandelker+ D clump finder (Mandelker+ 
Outputs every ~
D clump finder (Mandelker+ D clump finder (Mandelker+ 

Outputs every ~Outputs every ~100 
D clump finder (Mandelker+ D clump finder (Mandelker+ 

100 100 Myr
D clump finder (Mandelker+ D clump finder (Mandelker+ 141414) run on both gas and stars) run on both gas and starsD clump finder (Mandelker+ 

MyrMyr, clumps tracked by stellar particles
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The Effect of Radiative Feedback on Clumps

Gas disc expands, bulge may loose gas, giant Gas disc expands, bulge may loose gas, giant 
clumps survive, small clumps disrupt

VELA15 z~4.6 N. Mandelker + 14, in prep
Nir Mandelker, UCSC Galaxy Workshop, August 13 2014
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The Effect of Radiative Feedback on Clumps

Gas disc expands, bulge may loose gas, giant Gas disc expands, bulge may loose gas, giant 
clumps survive, small clumps disrupt

VELA07 z~2.8 N. Mandelker + 14, in prep
Nir Mandelker, UCSC Galaxy Workshop, August 13 2014
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The Effect of Radiative Feedback on Clumps

Giant clumps survive

Moody, Guo, N. Mandelker+ 14
N. Mandelker + 14, in prep

Giant clumps survive
Small 
Giant clumps surviveGiant clumps survive
Small clumps disrupt

Nir Mandelker, UCSC Galaxy Workshop, August 13 2014

Off center,
in situ clumps
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The Effect of Radiative Feedback on Clumps

N. Mandelker + 14, in prep

disruption

survival

Nir Mandelker, UCSC Galaxy Workshop, August 13 2014Nir Mandelker, UCSC Galaxy Workshop, August 
Giant clumps surviveGiant clumps survive
Small 
Giant clumps surviveGiant clumps survive
Small clumps disrupt

Off center,
in situ clumps
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Evolution of Massive Clumps

No RP

RP

Measure typical values for
𝜂, 𝛼, 𝜖𝑠𝑓, 𝑡𝑑/𝑡𝑓𝑓, 𝑓𝑔0

and stellar tidal stripping

Nir Mandelker, UCSC Galaxy Workshop, August 13 2014

𝑓𝑔
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Clumps above 108 𝑀⊙ that 
survive longer than 200 𝑀𝑦𝑟
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Gradients of Massive Clumps

IN-SITU: Closer to the disc center, clumps are older and with lower 
sSFR (i.e. redder).

Age gradient much steeper than the background disc.
Only very weak mass gradient

EX-SITU: Gradients much weaker. Age and sSFR simillar to local disc 
 May hide overall clump gradient.

Old clumps with low sSFR in the outer disc  Ex-Situ.

N. Mandelker+ 14 MNRAS in press;  N. Mandelker+ 14 in prep

Nir Mandelker, UCSC Galaxy Workshop, August 13 2014
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Guo+ 12

Forster Schreiber+ 11

Observed Gradients Observed Gradients -- Evidence for 

Forster 

Observed Gradients Observed Gradients Evidence for Evidence for 
Clump Survival

Nir Mandelker, UCSC Galaxy Workshop, August 13 2014
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Ex Situ Ex Situ MMMassive assive CClumps in RP Simulations

Dark matter contrast

Ex situIn situ
Ex situ clumps are minor mergers
with dark matter and external stars

~15% of massive clumps are ex situ

They contain ~50% of the mass in 
massive clumps

They contain ~35% of the SFR in 
massive clumps

Nir Mandelker, UCSC Galaxy Workshop, August 13 2014



Clumpy Fraction of Discs
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𝐿𝑈𝑉,𝑐𝑙𝑢𝑚𝑝 ≥ 0.05𝐿𝑈𝑉,𝑔𝑎𝑙
Guo+ 14, submitted

Nir Mandelker, UCSC Galaxy Workshop, August 13 2014

Work in progress



Disc Disc Clumpiness

Nir Mandelker, UCSC Galaxy Workshop, August 13 2014

10.6 > log 𝑀∗ > 9.0

60% of discs are clumpy
~2 clumps per galaxy

~0.5-3% of the disc mass
~1-30% of the disc SFR

Mandelker+ 14 in prep
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Summary and Conclusions
 Violent Disc Instability (VDI) by intense gas inflow and high density


Violent Disc Instability (VDI) by intense gas inflow and high density
In situ giant clumps and transient features form, ex situ clumps merge

 Small clumps disrupt due to feedback


Small clumps disrupt due to feedback
Massive clumps survive a steady wind with Massive clumps survive a steady wind with 𝜂𝜂~~~111 and keep roughly Massive clumps survive a steady wind with 
constant 
Massive clumps survive a steady wind with Massive clumps survive a steady wind with 
constant constant mass

 Gradients in age and color due to migration and accretion from the Gradients in age and color due to migration and accretion from the disc Gradients in age and color due to migration and accretion from the 
No 
Gradients in age and color due to migration and accretion from the Gradients in age and color due to migration and accretion from the 
No No mass gradient

 Ex situ clumps are ~Ex situ clumps are ~151515% in number, ~% in number, ~353535% in SFR and ~% in SFR and ~505050% in mass


Ex situ clumps are ~Ex situ clumps are ~
In situ younger, higher 

% in number, ~% in number, ~% in number, ~
In situ younger, higher In situ younger, higher In situ younger, higher sSFR

% in number, ~% in number, ~% in number, ~
sSFRsSFR + gas fraction (bluer), lower mass + In situ younger, higher 

metallicity
In situ younger, higher In situ younger, higher 
metallicitymetallicity than ex
In situ younger, higher 

than exthan ex-
In situ younger, higher In situ younger, higher sSFRsSFRsSFR + gas fraction (bluer), lower mass + + gas fraction (bluer), lower mass + In situ younger, higher In situ younger, higher 

than exthan ex--situ clumps


metallicitymetallicity situ clumpssitu clumpssitu clumps
~ half the galaxies are clumpy, with ~ half the galaxies are clumpy, with ≤≤ 3030%% SFR in the clumps in broad ~ half the galaxies are clumpy, with 
agreement with observations

Nir Mandelker, UCSC Galaxy Workshop, August 13 2014
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