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The mass budget problem

E xopla net m as ses  mea sur e eq ual  or  hi gher  
tha n d isk  ma s ses !

Greaves&Rice2010,Najita&Kenyon2014,Mulders+2015,2018,Manara+2018

disks



constant (average) opacity 
& temperature

How do we measure dust/disk masses 
• f l u x - t o - m a s s  H i l d e b r a n d  ( 1 9 8 3 )  c o n v e r s i o n :

reviews: Miotello+2022, Manara+2022 PPVII chapters

•  c o n s t a n t  d u s t - t o - g a s  r a t i o  a s s u m e d  t o  b e  1 %  o r  1 . 5 %

• g a s  m as se s  a r e  u s u a l l y  e v e n  h a r de r  t o  o bt a i n

A
S
S

U
M

P
TI

O
N

S

optical ly thin emmission

unknown chemical 
abundances or grain structure 

most of the sol id mass in mm-
sized grains

( e . g .  Bergin & Williams 2017, Bergin+ 2013, Trapman 2017, 2025, 

Calahan+ 2021)



Solutions
• Optical depth / dust opacity corrections 

Liu+ 2024 (porous opacities)

Zhu+ 2019 (dust scattering) 

Xin+ 2023 (optically thick at 3 mm) 

Viscardi+ 2025 (SED multi-wavelength)



Solutions

Kuffmeier+ 2023

• Late infall / replenishment • Observational bias correction

Mulders+ 2021 (discrepancy disappears for solar-mass stars when survey biases are corrected) 

 

Godines+ 2026 (factors 2–7 from clumping) 

• Streaming instability hiding mass 



Same sample as the one Bert discussed

S av vidou & Bi tsch 2 02 3

• P a r a m et e r  s t u d y  o f  ( g i an t )  p l a n e t  f o r m at i o n  i n  r e l a t i o n  t o  t h e  i n i t i a l  c o n d i t i o n s

• W e  c a n  a l s o  f o l l o w - u p  o n  t h e  d u s t  e v o l u t i o n  



How does the dust mass evolve?

S a v v i d o u  &  B i t sc h  2 0 2 3
Pinilla  2025 

Optically thin dust assumption leads to underestimated masses if a giant has 

formed in the disk! 

(similarly for other dust traps)



Total vs optically thin dust mass

Drążkowska+2022 PPVII chapter
S a v v i d o u  &  B i t sch  2 0 2 4

Appelgren et al. 2023



Initial disk conditions dictate probability of giant planet 
formation

S a v v i d o u  &  B i t sc h  2 0 2 3

e.g. Hsu et al., 2020; Mulders et al., 2018; Fulton et al., 

2021; Rosenthal et al., 2021; Drążkowska et al., 2023

Van der Marel and Mulders (2021)

Comparison of giant 
exoplanet occurrence 
rates and structured 
disks supports this as well



“Hidden” mass scales with initial disk mass

B es t  ma tc h  t o  

ob served  d i sks :
M di s k  ~  4- 7 % 𝐌⊙

Maximum ma ss:   

• too low for  low mas s d isks  (1% M⊙ )

• too high for  hig h mass  di sks (10% M⊙ )

Savv i dou  2026

+ d i sks  w i t h  M d i sk= 7% 𝐌⊙  

p rod u c ed  ~2 0%  o f  gi an ts



“Hidden mass” scales with embryo injection time
Savv i dou  2026

Even  the opti ca l ly  thin dust  mass  
remain s h igh a t 3 Myr  
(~10% d isks with Mdust>100ME)

G r owt h  f r om  em br yos  a t  t 0  

~ 0. 5  M yr  p rod uces  a n  

ap propr i a t e  nu mb er  o f  

g i an ts



What about (late stage) planetesimals?
Savv i dou  2026

Under fruitful conditions a significant amount 
of dust mass can get converted to 
planetesimals

(e.g. Johansen et al., 2014; Eriksson et al., 2020; Carrera et al. 2021; 

Voelkel et al., 2022; Andama et al., 2024, Johansen & Lyra 2026)

Pinilla  2025 

Planetesimal 
formation site

C onve rs io n  t o  l a rger  bo d i es  

cou l d  na t u ra l l y  l ead  to  ve r y  l ow  

evo l ved  d i sk  m as ses



Thank you! 

Conclusion:

The disk mass budget problem is highlighting our 
shortcoming in reconciling our theoretical understanding 

with the observational data more than it is an issue with the 
standard framework of planet formation.

Sofia Savvidou PoPSF, Heidelberg, June 2026

fossilscasts



There is more, wait for it…!

Conclusion:

The disk mass budget problem is highlighting our 
shortcoming in reconciling our theoretical understanding 

with the observational data more than it is an issue with the 
standard framework of planet formation.

• No t  a l l  d i sk s  c an be / ne ed  to  be  in i t ia l l y  h ea vy  to successfully form planets 

• not all disks have to form giant planets and/or multiple planets and 

• even intermediate disk masses can form giant planets efficiently

• Obs e rv ed  di s ks  ar e a  mix tu r e o f  i n i t ia l  co n di t io ns ,  e vo lut io nar y  s tage s  and p ro c e ss e s  the y  

ha ve  go ne  th ro ug h but  o n a  po pu la t io n le ve l  we  s ho u ld e xpe c t  tha t  so m e d us t  mas s  i s  st i l l  

una cc o unte d f o r

• Lo w d i s k ma ss e s  o f e vo lv ed  s y ste ms  c an  be  an na tura l  o ut co me :  d r i f t ,  ac c re t io n,  

p la ne tes ima l  and p lane t  f o rma t io n,  w inds /P E

• P lane t  f o rm at io n i s  no t  ne c e ss ar i l y  th r ea ten ed  ( i t ’ s a matter of  times cales  and 
ef ficiency)



Sofia Savvidou

Mind the gap!: 
Is the inner disk composition regulated by the disk and stellar 

properties or the existence of substructures?

PoPSF, Heidelberg, June 2026



ODISEA, Cieza + 2021

Disks have substructures!

Garufi et al. 2017

Collection  from Pinilla 2025

Disk substructures Planet formation

Inner disk composition



Inner disk composition!

JWST (MIRI/MRS) observations can reveal the inner disk composition



Is the inner disk composition determined by 
substructures or disk properties?

Banzatti+ 2023

Hypothesis:



• Probing  d isk s ize and gap depth 
at the same time

Current work Sofia Savvidou

tgap = 0 – 0.5 Myr

the gap timing!,The gap depth,

0 < fgap <= 1

Is it substructures or disk size?

+ disk size!

Rdisk= 20-150 AU

disk viscosity

a = 10-4, 3 x 10-4, 10-3

+ multiple stellar masses

Mstar=0.1, 0.4, 0.7, 1, 1.3 M
⨀

Varying the gap location

Mdisk= 0.5 M
∗

3 AU

rgap= 10 AU

or

chemcomp: 1+1D code Schneider & Bitsch 2021a



• Probing  d isk s ize and gap depth 
at the same time

Current work Sofia Savvidou

Is it substructures or disk size?

C 

iceline

H2O 

iceline

We will focus on 
what happens 
here 3 AU



M star =  0 .7  𝐌⊙

a = 3x10 -4

t gap =  0  Myr

r gap =  3  AU

Water abundance fraction over time 
for different regimes & radii

20 AU

150 AU

Savvidou et al. in prep

Compact + smooth

Large + gap



M sta r  =  0 . 7  𝐌⊙

a  =  3x10 -4

t g ap =  0  My r

r g ap =  3  A U

No gap

Water abundance fraction over time 
for different regimes & radii

Savvidou et al. in prep



M s ta r  =  0 . 7 𝐌⊙

a  =  3x 1 0 - 4

t g a p =  0  My r
r g a p =  3  A U

No gap Deep gap

Water abundance fraction over time 
for different regimes & radii

Savvidou et al. in prep

Disk size doesn’t matter



Deep gapNo gap “Traffic jam”

M s t a r  =  0 .7  𝐌⊙

a  =  3 x 10 - 4

t ga p  =  0  M yr

r ga p  =  3  AU

Water abundance fraction over time 
for different regimes & radii

Savvidou et al. in prep



Thank you! 

Conclusion: 

Substructures dominate the regulation of the 
inner disk composition

• Subs tructu res  “win” ove r  the  disk  si ze  (espec ia lly if  they form ear ly  and are  

long- last ing)

• Is  the inner  and oute r  di sk  connected?  Convince  me they  are not!              

( It ’s  a d iscussion  o f t imesc ales and  f i lt ra tion)

• More  theoret ic al  work  i s needed to robustly explain  observations  (s e e  a l s o  

M ah,  S avv ido u  & Bi t s c h 20 24 ,  Ka alyan  et  a l .  20 23 a nd M ah  et  a l .  202 3)  

Sofia Savvidou

PoPSF, Heidelberg, June 2026



Thank you! 

Conclusion:

• We need more careful steps in our effort to link 
models to observations

Sofia Savvidou PoPSF, Heidelberg, June 2026

fossilscasts


	Is it substructues or size?
	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14

	Substructures or size?
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26


