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Introduction

Close-in transiting sub-Neptunes, planets of several Earth masses with atmospheres, can be characterized via observations, and it can be determined if the planetary atmosphere contains significant amounts of water (Benneke et al. 2019;Tsiaras et al. 2019;Kreidberg et al. 2020). Today, only a handful of planets are characterized in this detailed way, but the number of characterized sub-Neptunes is expected to increase significantly with the James Webb Space Telescope (JWST) and with the future ARIEL mission as well as with the ELT.

Here, we discuss how different water contents of close-in sub-Neptunes can arise and what it implies for the formation of these systems. In particular, we focus on three formation scenarios, illustrated in Fig. 1, which can be distinguished by the water content of the inner sub-Neptune. Our scenarios differ in terms of the relative timing of events.

In the first scenario, the water ice line has been "fossilized" by the rapid growth of Jupiter's core. Morbidelli et al. (2016) suggested that the pressure bump exerted by Jupiter's growing core1 blocks the inward flow of icy pebbles and thus keeps the solid icy material away from the inner system. The water vapor, originally inside Jupiter's orbit, diffuses inward faster than the water ice line moves inward (Lecar et al. 2006;Oka et al. 2011;Bitsch et al. 2015a;Baillié et al. 2015;Savvidou et al. 2020), preventing recondensation of the water vapor onto interior planetesimals and thus keeping the inner disk dry. In addition, the disk outside Jupiter's core is cold enough that water ice does not evaporate, preventing the diffusion of water vapor into the inner system. This results in a dry region inside Jupiter's orbit. The water ice line is thus fossilized at the original distance where Jupiter first blocked the inward drifting pebbles, and a dry sub-Neptune can form in the inner disk via the accretion of planetesimals (scenario A in Fig. 1).

In this scenario, it is crucial that the giant planet forms early compared to the inner sub-Neptune, so that the inner disk is dry during the formation of the sub-Neptune. In the Solar System, Jupiter's formation is invoked to explain the differences between carbonaceous and non-carbonaceous chondrites (Kruijer et al. 2017). In particular, this scenario involves an early formation of Jupiter, which blocks inward drifting pebbles within the first megayear.

For scenario A, it is thus crucial that the giant planet is able to efficiently block the vast majority of water-ice-rich particles to prevent a contamination of the inner disk with water vapor. The exact efficiency of pebble filtering depends on the planetary mass as well as on the strength of the diffusion (e.g., Zhu et al. 2012;Bitsch et al. 2018;Ataiee et al. 2018;Dr ążkowska et al. 2019). Two-dimensional simulations of an embedded Jupiter mass planet in a disk with α = 0.001 indicate that small dust grains could indeed diffuse through the pressure bump and then re-coagulate (Dr ążkowska et al. 2019); however, from a Solar System perspective, the amount of material that is allowed to diffuse into the inner system should be minimal (Weber et al. 2018;Haugbølle et al. 2019). Furthermore, observations of transition disks indicate that grain growth to millimeter size and beyond in the inner disk regions becomes inefficient once particles are blocked at a pressure trap (presumably caused by planets), implying that only a minimal amount of dust could diffuse into the inner disk (e.g., Francis & van der Marel 2020;Norfolk et al. 2021, see also Appendix B). Scenario A thus represents an idealization, where clearly the observation of a dry (water-poor) sub-Neptune would place very interesting constraints on planet formation theories.

On the other hand, if the giant planet is located inside the water ice line, and thus generates a pressure bump inside the water ice line, inward drifting pebbles can evaporate and enrich the gas with water vapor. The water vapor can then diffuse inward all the way to the central star because gas accretion by giant planets is not 100% efficient (Lubow & D'Angelo 2006;Dürmann & Kley 2017;Bergez-Casalou et al. 2020). The forming inner sub-Neptune can accrete water-rich vapor into its atmosphere (scenario B in Fig. 1), resulting in a wet sub-Neptune with an atmosphere composed of up to a few percent water vapor on top of a rocky core.

If the sub-Neptune forms outside the water ice line, it can accrete large amounts of water-rich pebbles and planetesimals (Ormel et al. 2017;Bitsch et al. 2019b;Schoonenberg et al. 2019;Liu et al. 2019;Venturini et al. 2020) before it migrates to the inner edge of the protoplanetary disk. As a result, a very wet sub-Neptune is formed (scenario C in Fig. 1), which can consist of up to 50% water ice. This scenario is independent of the formation location and time of the giant planet, which should form after the inward migration of the sub-Neptune.

Of course, protoplanetary disks evolve over time. They cool due to the reduced accretion rates, which reduce the viscous heating and thus the disk's temperature (Lecar et al. 2006;Oka et al. 2011;Bitsch et al. 2015a;Baillié et al. 2015;Savvidou et al. 2020). In fact, the water ice line moves within 1 AU in the first megayear in most models, suggesting that inner planets have accreted a large fraction of water. Early giant planet formation, on the other hand, could keep the inner disk dry, even when the disk cools significantly (Morbidelli et al. 2016). The water content of inner sub-Neptunes with outer giant planets could thus help to constrain the formation sequence of the planets within the system (Fig. 1).

In Table A.1 we list all the known super-Earths (R P < 2R E ) and sub-Neptunes (R P > 2R E ) with outer gas giants, and we list the gas giants in the same system in Table A.2. In total, our list includes 14 systems with a total of 19 super-Earths and sub-Neptunes as well as 19 giant planets. The smallest giant planets listed in Table A.2 are around 50 Earth masses (in the 55-Cnc system), which are large enough to reach the pebble isolation mass in the inner regions of the disk (Lambrechts et al. 2014;Bitsch et al. 2018;Ataiee et al. 2018).

Figure 2 shows the masses and orbital distances of the massive planets (right) and the mass-radius relations of inner super-Earths and sub-Neptunes (left) from Table . A.1 compared with interior structure models from Zeng et al. (2019). From the planetary mass and radius alone, it is difficult to determine the planetary composition because there are many more planet-building materials than constraints, which results in a degenerate problem (e.g., Selsis et al. 2007). Nevertheless, a few of the planets clearly correspond to a rocky composition. We thus do not expect these planets to harbor any significant amount of water. Recent studies of atmospheric evaporation also predict that small super-Earths (R P < 2R E ) have a predominantly rocky nature (e.g., Owen & Wu 2017), which has been confirmed by observations (Fulton et al. 2017); these observations have found a valley in the radius distribution of these planets at around 1.8 Earth radii. However, the composition of larger planets is still unclear and needs to be constrained in detail in the future.

Position of the water ice line

The position of the water ice line in a protoplanetary disk can be determined by calculating the balance between heating and cooling (Lecar et al. 2006;Oka et al. 2011;Bitsch et al. 2015a;Baillié et al. 2015;Savvidou et al. 2020). The cooling of the disk depends crucially on the grain opacity, which itself is a function of the grain size. Larger grains have a lower opacity compared to smaller grains, emphasizing the importance of calculating the exact grain size distribution in protoplanetary disks for the thermal structure of the disk.

The grain sizes in protoplanetary disks are determined by an equilibrium between the coagulation and fragmentation of dust grains (e.g., Brauer et al. 2008). The maximal size particles can thus grow to depends on the relative velocities between the grains. The maximal velocities the grains can reach before they fragment is the called "fragmentation velocity" and is typically on the order of 1-10 m/s (Gundlach & Blum 2015;Musiolik & Wurm 2019).

In Savvidou et al. (2020), the disk temperature was calculated in 2D radiation hydrodynamical simulations that included a full grain size distribution with a constant fragmentation velocity2 of 1 m/s. They gave a fit of the water ice line position around a solar mass star as a function of the disk's gas surface density, Σ g,0 , at 1 AU, the α-viscosity parameter (Shakura & Sunyaev 1973), and the dust-to-gas ratio, f DG , as

r ice = 9.2 α 0.01 0.61 Σ g,0 1000g/cm 2 0.8 f DG 0.01 0.37 AU .
(1)

The dependence of the water ice line position on these parameters is explained in the following way: (i) A lower α viscosity results in less turbulence, which then generates less viscous heating, resulting in a colder disk3 , (ii) a reduced gas surface density results in less viscous heating and an increased cooling rate, resulting in a cooler disk, and (iii) a higher dust-to-gas ratio increases the opacity, thus decreasing the cooling rate and resulting in a hotter disk. The opacity in this disk model is calculated self-consistently from the full grain size distribution at each radial position.

While Eq. 1 is derived for a solar mass star, planetary systems are also found around stars with different masses (e.g., Table A.1). A change in the stellar mass automatically implies a change in the stellar luminosity and with this a change in the stellar heating of the disk. However, the transition of the water ice line is within the viscously heated part of the disk (Bitsch et al. 2015a;Savvidou et al. 2020;Savvidou & Bitsch 2021), so a change in the stellar luminosity might only marginally influence the ice line position. Furthermore, the quantitative statements in this section are unaffected by this, and each planetary system would require a detailed analysis once the inner sub-Neptune is characterized.

We plot in Fig. 2 the giant planets of the same systems as well as the position of the water ice lines for different levels of viscosity (α = 10 -4 , 10 -3 , and 10 -2 ), a disk gas surface density of 1000g/cm 2 , and a dust-to-gas ratio of 0.01 following Eq. 1. The exact dust-to-gas ratio in the disk is a function of the host star metallicity [Fe/H] (see Table A.2), but we do not take these effects into account here for the sake of simplicity and because the position of the ice line depends more strongly on the disk's viscosity and gas surface density. Clearly, a reduction in the disk's viscosity results in a water ice line closer to the host star. The level of the disk turbulence remains a subject of many studies, but observational evidence seems to point to turbulence levels corresponding to α < 10 -3 (Flaherty et al. 2018;Dullemond et al. 2018). In addition, magnetohydrodynamic simulations point to low levels of turbulence in the disk (Bai 2016;Suzuki et al. 2016;Bai 2017) as well.

As the disk evolves, the disk's accretion rate lowers over time (Hartmann et al. 1998), and with it the gas surface density. This results in a cooling of the disk over time, which causes the aforementioned inward motion of the water ice line (Oka et al. 2011;Bitsch et al. 2015a). In order for the fossilization of the water ice line to take place, the giant planet must remain outside the water ice line at all times (see scenario A in Fig. 1). Only then is it assured that all the inward drifting icy pebbles can be blocked by the giant planet. (If the water ice line were outside the giant planet, water-rich pebbles drifting inward would evaporate before being blocked by the giant planet.) In this scenario, water-rich gas can then diffuse inward, and some of the gas will pass the giant planet because gas accretion is not 100% efficient (e.g., Lubow & D'Angelo 2006;Dürmann & Kley 2017); this gas could then be accreted by the inner planets, resulting in sub-Neptunes with water-rich atmospheres (scenario B in Fig. 1).

Planet migration and the timing of planet formation

Planets above ≈0.1 Earth masses start to migrate through the disk (for a review, see [START_REF] Baruteau | Protostars and Planets VI[END_REF] The exact water fraction of the sub-Neptunes therefore depends on a complex interplay between the planetary growth rate, planetary migration, and the evolution of the water ice line over time (Bitsch et al. 2019b), as well as on the scattering and merging of planets (Raymond et al. 2018).

Planets that start to accrete gas efficiently start to open gaps in the protoplanetary disk and then migrate on a much longer timescale that depends on the depth of the gap (Kanagawa et al. 2018). More massive planets open deeper gaps and thus migrate more slowly, also influenced by the gas accretion rate itself (Crida & Bitsch 2017;Bergez-Casalou et al. 2020;Ndugu et al. 2020). The migration speed in the type-II regime, and thus also the distance over which planets migrate, also crucially depends on the disk's viscosity. In the case of high viscosity (α > 0.005), giant planets can migrate over more than 20 AU, until the disk dissipates (Bitsch et al. 2015b). In disks with low viscosity (e.g., α = 10 -4 ), giant planets could still migrate over a distance of a few AU during their formation (e.g., Bitsch et al. 2019a).

As migration is a universal process and is unavoidable, the giant planets probably formed farther away from their host star than their current position. However, what matters is the position of the planet relative to the position of the water ice line. As long as the giant planet is always outside the water ice line, the water ice line will be fossilized as soon as the planet becomes massive enough to open a gap in the pebble disk (Paardekooper & Mellema 2006). This can happen at the already low masses of around 20 Earth masses (Lambrechts et al. 2014;Bitsch et al. 2018).

However, if a planet outside the water ice line grows very slowly, it will block the pebble flux too late, allowing a large amount of water-rich pebbles to drift inward. These pebbles can then release water into the gas phase once they cross the water ice line. This could lead to sub-Neptunes formed in the inner disk that accrete water vapor from the disk. Alternatively, if planetary cores grow too slowly at the water ice line, they are subject to type-I migration for a long time and might migrate into the inner disk before they become gas giants, forming very water-rich sub-Neptunes (Izidoro et al. 2019;Bitsch et al. 2019a;Venturini et al. 2020, see scenario C in Fig. 1). The fast growth of the giant planet is thus key in keeping the inner system dry and thus allowing the formation of a dry sub-Neptune.

Planetary growth is enhanced in systems with super-solar metallicity because more building blocks are available (Bitsch et al. 2015b;Ndugu et al. 2018;Mordasini et al. 2012). In Table A.2 we also list the host star metallicity, which clearly indicates that most of the systems have a super-solar metallicity; this in turn indicates that the fast growth of giant planets is possible, in line with the giant-planet host star metallicity correlation (Santos et al. 2004;Fischer & Valenti 2005;Johnson et al. 2010).

Additionally, growing giant planets close to the ice line can scatter water-rich planetesimals into the inner system, where they can be accreted by inner planets. However, these contributions to the water content are generally small, allowing them to explain the low water content of the Earth (Raymond & Izidoro 2017).

On the other hand, if the giant planet is always inside the water ice line, then the fossilization of the water ice line cannot take place and water-rich gas could pass the gas giant, allowing the accretion of water vapor onto sub-Neptunes in the inner region (scenario B in Fig. 1). Alternatively, sub-Neptunes could form outside the gas giant, allowing a water-rich composition. However, the giant planet acts as a barrier to the inward migrating small planets (Izidoro et al. 2015), preventing the water-rich sub-Neptunes from migrating from the inner disks in great numbers.

In Appendix B we show the water content in the gas phase for our three scenarios from a model that includes pebble growth and drift as well as evaporation and condensation at ice lines. Our model shows that the water content of the inner disk can be increased due to pebble evaporation (see also Booth et al. 2017;Banzatti et al. 2020;Mousis et al. 2021). Sub-Neptunes that accrete their gaseous envelope in the inner disk could thus only have a water content of up to a few percent (scenario B); this clearly distinguishes them from sub-Neptunes that form beyond the water ice line and then migrate inward (scenario C), which should have a much larger water content of several tens of percent (Bitsch et al. 2019b;Izidoro et al. 2019;Venturini et al. 2020), depending on the original water content of the system (Bitsch & Battistini 2020).

Rocky or water world

In the case a system with an outer giant planet and an inner, dry (or wet) sub-Neptune, we can constrain the formation history of the system within our model. We discuss our results under the assumption that the gas surface density at the time the giant planets formed was 1000g/cm 2 at 1 AU. This is already below the gas surface density of the Minimum Mass Solar Nebula (Weidenschilling 1977;Hayashi 1981); however, giant planets take at least a few hundred kiloyears to form, and as such the disk is already evolved4 .

The position of the giant planet determines if water-rich material can make it into the inner disk (Fig. 1). If the sub-Neptune forms beyond the water ice line (scenario C in Fig. 1), it will be very water rich and the position of the giant planet relative to the ice line does not matter for the water content of the sub-Neptune.

The following planets are clearly rock dominated because their mass-radius relationships fall below the pure-rocky composition (Fig. 2): WASP-47e, K-68c, K-407b, K-97b, K-93b, and 55-Cnc-e. These planets should thus harbor only minimal amounts of water. For 55-Cnc-eas, this was shown with several observation campaigns (Esteves et al. 2017;Jindal et al. 2020) and was concluded from the simulations of Dorn et al. (2019). For the sake of simplicity, we thus exclude these planets from further discussion.

The WASP-47 system presents a very special case because it harbors two sub-Neptunes and two giant planets. In particular, the giant planet WASP-47b orbits its host star on only a 4 day period, while the other giant planet (WASP-47c) orbits the star in nearly 600 days (distance of 1.41 AU). If WASP-47c had always been outside the water ice line and formed very fast and early, then the inner planets should not harbor any water. This is the case for WASP-47e, which shows a purely rocky composition (Fig. 2), but it is unclear for WASP-47b and WASP-47d. WASP-47b is a hot Jupiter and could have accreted water vapor into its atmosphere if the outer giant planet formed late; this makes WASP-47b a very interesting target for atmospheric characterization.

The K-289 system also features a giant planet very close to the star (at 0.51 AU), which may have always been inside the water ice line; if so, it would have been unable to fossilize the water ice line, allowing water vapor to diffuse into the inner disk. The two inner planets have no conclusive mass-radius relations (Fig. 2), but according to our theory these planets should contain water.

The other planetary systems (Tables A.1 and A.2) contain gas giants on orbital distances of at least 1-2 AU; for these systems it is unclear if the giant planets have always been inside or outside the water ice line (since the water ice line evolves; not shown in Fig. 2). Under the assumption that the giant planets did not migrate outward and grew fast and early in the disk, we list the predictions of our model for the water content of the inner planets in Table 1 as a function of the α viscosity parameter, which determines the position of the water ice line.

Observations of HAT-P-11b seem to indicate water vapor inside the planetary atmosphere (Fraine et al. 2014;Chachan et al. 2019); however, the water content seems to be quite low. Within our model, this would favor formation scenario B, implying an ice line initially far away from the host star. 1. Predictions of the water content of sub-Neptunes from our model if the system formed via scenario A or scenario B (Fig. 1) and depending on the α value for the ice line position (always using Σ g = 1000g/cm 2 ). We only list the planets that have a mean density lower than pure rock (Fig. 2). The exact water content of the inner planet then depends on if the sub-Neptune is formed via scenario B or C (see Appendix B).

Men-c by Muñoz et al. (2021) indicate a thick atmosphere with abundant volatiles, indicating that π-Men-c may have formed via our formation scenario C. Clearly, better constraints for these targets are needed to give clear constraints to our planet formation scenarios.

Our model predicts that the water content of inner sub-Neptunes decreases if the water ice line is closer to the central star (low α). Our model only predicts a few systems where the inner planets should be water poor, assuming that moderate α values determine the position of the water ice line. Only for very low α values, and thus negligible viscous heating, does our model predict a majority of water-poor inner planets. The detection of water-poor inner sub-Neptunes would thus place the strongest constraint on planet formation models.

The exact water content of an inner sub-Neptune planet can thus tell us a great deal about the formation speed and position (relative to the water ice line) of its outer giant planet, constraining planet formation theories. Additionally, the atmospheric C/O ratio of sub-Neptunes could help to constrain the formation location and timing of the giant planets even further because carbonbearing species can also be blocked by growing giant planets. This, of course, mostly applies to CO 2 rather than CH 4 or CO because of the closer proximity of the CO 2 ice line (at around 70K) to the host star and to the final giant planet position. Future observations of the water content of inner sub-Neptune planets are thus crucial for constraining planet formation theories. where µ Y is the mass (in proton masses) of a molecule of species Y. Here a dust and a peb are the particle sizes of the small and large dust distribution with corresponding surface densities Σ dust and Σ peb , respectively, ρ • denotes the pebble density, which we set to 1.6 g/cm 3 , and Ω K denotes the Keplerian frequency.

For the evaporation term we assumed that the flux of solids that drifts through the evaporation line evaporates into gas within 0.1 AU:

Σevap Y = Σ Z,Y • ūZ 0.1AU . (B.3)
Here Σ Z,Y is the solid surface density of species Y and ūZ denotes the mean radial velocity of the solid dust grains.

In Fig. B.1 we display the water content in the gas for our three different scenarios and for α = 0.001 and α = 10 -4 , where we have placed a 1 Jupiter mass planet in the disk at the beginning of the simulation. The gap depth was calculated via gravitational gap clearing (Crida et al. 2006). The aspect ratio in the inner disk is relatively small, and therefore planets of already a few tens of Earth masses can reach the pebble isolation mass and block inward drifting pebbles (e.g., Bitsch et al. 2019a). Depending on the relative position of the giant planet to the water ice line, the inner disk is water rich or water poor (see Fig. 1). Clearly, giant planets inside the water ice line do not prevent a large water vapor accumulation in the inner disk (scenario B).

Fig. 1 .

 1 Fig.1. Cartoon depicting the formation scenarios of the inner sub-Neptunes and their outer giant planets. Pebbles drift inward and release their volatiles at the water ice line, resulting in water vapor in the inner disk, where rocky pebbles are initially available to form rocky planetesimals. In scenario A, the giant planet forms outside the water ice line, blocking water-rich pebbles and thus preventing them from crossing the water ice line. The originally present water vapor diffuses inward and is lost over time. A dry sub-Neptune can then form in the inner disk. In scenario B the giant planet forms inside the water ice line, and thus the pebbles release their water vapor into the disk as they cross the water ice line. This water vapor can then diffuse inward because gas accretion onto giant planets is not 100% efficient. As a result, planets forming in the inner region can accrete water-rich vapor from the disk and form wet sub-Neptunes. In scenario C the sub-Neptune forms outside the water ice line, where it accretes a large amount of water ice and then migrates toward the inner edge of the disk, resulting in a very wet sub-Neptune. Here, the formation time and location of the giant planet do not matter. A sub-Neptune formed via scenario C could thus contain up to 50% of its total mass in water ice, while a sub-Neptune formed via scenario B would contain a water-rich atmosphere on top of a rocky core; as such, its overall water mass might be just a few percent. For the sake of simplicity, we do not show the movement of the water ice line over time or water-rich planetesimals. (For a discussion about diffusion, see Appendix B.)

Table

  Observations of π-

	Name	α=0.01 α=0.001 α = 10 -4
	K-68b	wet	wet	dry
	K-48b	wet	wet	dry
	K-48c	wet	wet	dry
	K-48d	wet	wet	dry
	K-94b	wet	wet	dry
	π-Men-c	wet	dry	dry
	WASP-47d	wet	wet	dry
	K-454b	wet	wet	dry
	K-289b	wet	wet	wet
	K-289c	wet	wet	wet
	HD-86226c	wet	dry	dry
	HAT-P-11b	wet	dry	dry
	K-88b	wet	dry	dry

  Table A.1. Transiting sub-Neptune systems with outer giant planets (Table A.2). Data for the systems were taken from https:// exoplanetarchive.ipac.caltech.edu. The mean density, ρ, has been calculated from the mass and radius. As a reference, the Earth's mean density is 5.51g/cm 3 . Table A.2. Cold Jupiters with inner sub-Neptunes, which are listed in Table A.1. Data for the systems were taken from exoplanet.eu and the open exoplanet catalog. Planets with no indicated radius are not transiting. These data were taken from https://exoplanetarchive.ipac. caltech.edu. Some planets do not contain errors in the database. [Fe/H] indicates the host star metallicity.

	Name	mass [M E ]	radius [R E ]	ρ [g/cm 3 ] a [AU] period [days] Mstar [M ] TSM
	55-Cnc-e	7.81 ± 0.56	2.08 ± 0.16	4.78	0.01543	0.736	1.015	354
	K-97b		3.51 ± 1.9	1.48 ± 0.13	5.97	0.0361	2.586	0.94	1.2
	K-93b	4.02 ± 0.68 1.48 ± 0.00006	6.83	0.0534	4.7267	0.91	3.6
	K-68b	7.65 ± 1.32	2.31 ± 0.1	3.42	0.0617	5.498	1.079	25.8
	K-68c	2.04 ± 1.72	0.958 ± 0.05	12.79	0.0906	9.60	1.079	0.87
	K-48b	3.94 ± 2.10	1.88 ± 0.1	3.26	0.0532	4.778	0.88	11.5
	K-48c	14.611 ± 2.3	2.71 ± 0.14	4.05	0.0851	9.67	0.88	7.38
	K-48d		7.9 ± 4.6	2.04 ± 0.11	5.12	0.2298	42.89	0.88	3.55
	K-407b		<3.2	1.07 ± 0.02	14.4	0.0150	0.6693	1.0	0.82
	K-94b	10.841 ± 1.4	3.51 ± 0.15	1.38	0.0337	2.508	0.81	57
	π-Men-c	4.52 ± 0.81	2.06 ± 0.03	2.85	0.067	6.268	1.094	252
	WASP-47e	6.83 ± 0.66	1.81 ± 0.27	6.34	0.0173	0.789	1.10	14.2
	WASP-47d		13.1 ± 1.5	3.576 ± 0.046	1.58	0.0886	9.03	1.10	25.5
	K-454b	6.05 ± 1.51	2.4 ± 0.2	2.38	0.0954	10.57	1.028	19.4
	K-289b		7.3 ± 6.8	2.15 ± 0.1	4.05	0.21	34.545	1.08	2.84
	K-289d		4.1 ± 0.9	2.68 ± 0.17	1.17	0.33	66.06	1.08	7.94
	HD-86226c 7.25 ± 1.15	2.16 ± 0.08	3.97	0.049	3.98	1.019	88.7
	HAT-P-11b		23.4 ± 1.5	4.36 ± 0.06	1.59	0.053	4.88	0.81	192
	K-88b		9.5 ± 1.10	3.44 ± 0.075	1.29	0.09	10.916	0.99	23.3
	Name		mass [M E ] radius [R E ]	a [AU]	Mstar [M ] distance [pc] [Fe/H]
	55-Cnc-b		255 ± 2.9	-	0.1133 ± 0.0006	1.015	12.34	0.35
	55-Cnc-c		51.2 ± 1.3	-	0.237 ± 0.0013	1.015	12.34	0.35
	55-Cnc-f		47.8 ± 2.4	-	0.7733 ± 0.0043	1.015	12.34	0.35
	55-Cnc-d		992 ± 33	-	5.446 ± 0.074	1.015	12.34	0.35
	K-97c		343	-	1.636		0.94	405	-0.2
	K-93c		2700	-	4.536		0.91	96.7	-0.18
	K-68d		267 ± 16	-	1.40 ± 0.03	1.079	135	0.12
	K-48e		657 ± 25	-	1.834 ± 0.03	0.88	313	0.3
	K-407c		3000	-	4.07		1.0	338	0.34
	K-94c		3125 ± 200	-	1.58 ± 0.03	0.81	223	0.34
	π-Men-b		3070 ± 64	-	3.10 ± 0.03	1.094	18.37	0.08
	WASP-47b	363 ± 7.3	13.1	0.052 ± 0.011	1.10	200	0.36
	WASP-47c	481 ± 220	-	1.41 ± 0.30	1.10	200	0.36
	K-454c		1418 ± 38	-	1.286 ± 0.001	1.028	200	0.27
	K-289c		131.9 ± 17	11.59	0.51 ± 0.03	1.08	700	0.33
	HD-86226b	292 ± 32	-	2.73 ± 0.06	1.019	45.57	0.02
	HAT-P-11c	731 ± 200	-	4.36 ± 0.2		0.81	37.89	0.32
	K-88c		214 ± 5.2	-	0.1529 ± 0.001	0.99	385	0.27
	K-88d		965 ± 44	-	2.45 ± 0.01	0.99	385	0.27

In the pebble accretion scenario, this is referred to as the pebble isolation mass(Lambrechts et al

. 2014;Bitsch et al. 2018;Ataiee et al. 2018).

Larger grain fragmentation velocities would lead to larger grain sizes and thus even colder disks (seeSavvidou & Bitsch 2021).

A lower turbulence also allows grains to grow larger, reducing the opacity and thus increasing the cooling rates, in turn resulting in an even colder disk.

A larger gas surface density at the time when the giant planet blocks the pebble flux shifts the ice line farther out, but in the case of low viscosity (α = 10 -4 ) a very large gas surface density of 6000 g/cm 2 is needed to reach the same ice line position as for α = 10 -3 with 1000g/cm 2 .
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Appendix A: Systems with inner small planets and gas giants

We list here the planetary systems with transiting inner small planets (Table A.1) and their outer gas giant companions (Table A.2), which are shown in Fig. 2. The data were taken from the NASA exoplanet archive 5 . We also list the transmission spectroscopy metric (TSM) value, as specified in Kempton et al. (2018). The TSM metric is proportional to the expected transmission spectroscopy S/N, based on the strength of spectral features (∝ R P H/R where H is the atmospheric scale height) and the brightness of the host star, assuming cloud-free atmospheres (their Eq. 1). We mark in bold the systems that have TSM values above the thresholds suggested by Kempton et al. (2018). In addition, these three planets have errors in their measured masses below 20% of their total mass, in line with the recommendations by [START_REF] Batalha | [END_REF] for atmospheric follow-up observations, making them optimal targets for testing our hypothesis.

Appendix B: Water content in the inner disk

In order to understand how inward drifting pebbles that evaporate at the water ice line influence the water content of the gas in the inner disk, we employed a simple pebble drift and evaporation model that includes a prescription of a pressure bump corresponding to a growing planet. The details of this setup will be described in an upcoming paper (Schneider & Bitsch 2021); here we just discuss the underlying mechanism.

The basis of our pebble growth and drift model is based on the model of Birnstiel et al. (2012), which we extended with pebble evaporation and condensation at ice lines r ice,Y . This adds a source term to the evolution of the solid density given by

Here Σevap Y and Σcond Y are the evaporation and condensation source terms of species Y (e.g., water) for the two transport equations of gas and dust. For the condensation term we assumed that gas can only condensate by sticking onto the surface (with efficiency p = 0.5) of existent solids. The condensation term is then given by:

A&A proofs: manuscript no. 40793corr Water content in the gas phase for our three different scenarios (Fig. 1) as a function of time, where the giant planet is placed inside (dashed lines, scenario A) or outside (dotted lines, scenario B) the water ice line or where there is no giant planet (solid line, scenario C). The panels in the top row show a disk evolution with α = 0.001, while the bottom row shows a disk evolution with α = 10 -4 . The 1 Jupiter mass planet is placed in the disk at the beginning of the simulation. The vertical line shows the position of the water ice line, where some water vapor can also exist outside the ice line due to the outward diffusion of water vapor and not immediate re-condensation. It is clear that a planet positioned outside the water ice line is efficient in blocking pebbles, resulting in a low water fraction of the gas phase in the inner disk. The pebble flux diminishes over time, reducing the water vapor in the inner disk for all cases.

Furthermore, the water content of the gaseous component of the inner disk is at most ≈20% (at low α), indicating that sub-Neptunes that form in scenario B (Fig. 1) should have maximum have a water content on that order in their atmosphere. The exact water content of the inner disk depends crucially on the disk's viscosity, which sets the pebble sizes as well as the diffusion of gas and pebbles through the pressure bump. A lower viscosity results in larger pebbles, which drift inward faster (Birnstiel et al. 2012) and can thus enrich the inner disk with more water vapor in a shorter time (top row in Fig. B.1). Additionally, a lower viscosity diffuses the vapor-rich gas inward more slowly, enhancing this effect and allowing a larger water vapor content to remain for longer times compared to higher viscosities. On the other hand, the lower viscosity prevents pebble diffusion through the planetary gap (resulting in a water-poor inner disk) if the giant planet is outside the water ice line (Fig. B.1), as proposed in scenario A (Fig. 1). However, if the water content of an observed sub-Neptune is significantly higher than that of the disk's gas phase, it indicates that the planet should have formed at the water ice line and then migrated inward (Bitsch et al. 2019b;Izidoro et al. 2019;Venturini et al. 2020), as proposed in scenario C.