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Abstract

Early JWST studies found an apparent population of massive, compact galaxies at redshifts z 2 7. Recently three of
these galaxies were shown to have prominent Balmer breaks, demonstrating that their hght at Aest ~ 3500 A is
dominated by a stellar population that is relatively old (~200 Myr). All three also have broad H emission with
0 >1000kms™ ", a common feature of such “little red dots.” From Sérsic profile fits to the Near Infrared Camera
images in FZOOW we find that the stellar light of galaxies is extremely compact: the galaxies have half-light radii of
re~ 100 pe, in the regime of ultracompact dwarfs in the nearby Universe. Their masses are uncertain, as they
depend on the contribution of possible light from an active galactic nucleus (AGN) to the flux at A5 > 5000 A If
the AGN contribution is low beyond the Balmer break region, the masses are M, ~ 10'°-10'! M, and the central
densities are higher than those of any other known galaxy population by 1 order of magnitude. Interestingly, the
implied velocity dispersions of ~1500km s~ are in very good agreement with the measured H/3 line widths. We
suggest that some of the broad lines in “little red dots” are not due to AGNs, but simply reflect the kinematics of
the galaxies, and speculate that the galaxies are observed in a short-lived phase where the central densities are
much higher than at later times. We stress, however, that the canonical interpretation of AGNs causing the broad
H{ lines also remains viable.

Unified Astronomy Thesaurus concepts: Galaxies (573); High-redshift galaxies (734); Compact galaxies (285);

Galaxy spectroscopy (2171); Active galaxies (17); Galactic and extragalactic astronomy (563)

1. Introduction

The James Webb Space Telescope (JWST) has revealed a
population of high-redshift objects with very specific spectral
energy distributions (SEDs): a flat blue continuum and a steep
red slope (e.g., D. D. Kocevski et al. 2023; 1. Labbé et al.
2023b, 2023a; Y. Ono et al. 2023; M. Onoue et al. 2023;
H. B. Akins et al. 2024; G. Barro et al. 2024). They are often
compact (H. B. Akins et al. 2023; J. F. W. Baggen et al. 2023),
appearing as “little red dots” (LRDs; J. Matthee et al. 2024), and
some, but not all, are confirmed to have moderately broad
(FWHM ~ 1200-4000 km s ") Balmer lines in their spectra
(e.g., Y. Harikane et al. 2023b; M. Killi et al. 2024;
D. D. Kocevski et al. 2023, 2024; V. Kokorev et al.
2023, 2024; R. L. Larson et al. 2023; R. Maiolino et al.
2024b; H. Ubler et al. 2023; J. E. Greene et al. 2024; J. Matthee
et al. 2024; B. Wang et al. 2024a, 2024b). The most
straightforward interpretation of the small sizes and broad
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Balmer lines is that we are seeing active galactic nuclei (AGNs)
with a broad-line region (BLR). If they are AGNSs, they
are unusual: they are typically not detected in X-ray emission
(H. B. Akins et al. 2024; T. T. Ananna et al. 2024; L. J. Furtak
et al. 2024; J. E. Greene et al. 2024; M. Kokubo &
Y. Harikane 2024; R. Maiolino et al. 2024a; M. Yue et al.
2024); have yet to demonstrate photometric variability
in the Near Infrared Camera (NIRCam; M. Kokubo &
Y. Harikane 2024); have flat SEDs in the mid-far-IR for some
LRDs, implying dominant contribution from stars at these
wavelengths (P. G. Pérez-Gonzdlez et al. 2024); show no
dominant contribution from hot dust emission expected from an
AGN at rest-frame 3 ym (C. C. Williams et al. 2024); and have
not been detected in stacks of mid-IR/far-IR/submillimeter/
radio data (H. B. Akins et al. 2024).

The correct interpretation of these galaxies—whether they
are dominated by AGNs or are compact and massive—has far-
reaching implications for black hole physics (e.g., A. Bogdan
et al. 2024; J. E. Greene et al. 2024; K. Inayoshi & K. Ichikawa
2024; 1. Juodzbalis et al. 2024b; O. E. Kovacs et al. 2024,
R. Maiolino et al. 2024a), the theory of galaxy formation and
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evolution (e.g., A. Loeb 2024; J. Silk et al. 2024), and perhaps
even cosmology (M. Boylan-Kolchin 2023).

Recently, three LRDs at redshifts z = 6.8-8.4 were shown
to have prominent Balmer breaks in their JWST spectra
(B. Wang et al. 2024b). Two of these galaxies are among the
massive galaxy candidates reported in I. Labbé et al. (2023b).
The Balmer break indicates the presence of an evolved stellar
population, with stellar ages of more than 100Myr
(A. G. Bruzual 1983; D. Hamilton 1985; G. Worthey et al.
1994; M. L. Balogh et al. 1999; B. M. Poggianti et al. 1999),
and their detection strongly suggests that the SEDs
at At ~ 3500 A are not dominated by AGNs. However,
all three objects also have broad H{F emission lines
(oup > 1000 km s~!), suggesting that AGNs are present.
B. Wang et al. (2024b) fit the SEDs of the three galaxies
and show that the derived stellar population parameters
depend sensitively on the interpretation of the continuum
redward of the Balmer break. Equally good fits are obtained
using either a model with a high stellar mass and extended
star formation history, a model with a dust-obscured AGN
with minimal stellar mass, or a solution in between. This
leads to a wide range of stellar masses (My, ~ 10°~10'" M),
and the implied possible natures and evolutionary tracks of
these sources range from the progenitors of massive ellipticals
to low-mass galaxies with overmassive black holes.

In this Letter, we use the fact that we know both the redshifts
of these galaxies and that the extended light in the UV suggests
that the light at these wavelengths is dominated by stars to
measure accurate half-light radii. This follows our initial size
measurements (J. F. W. Baggen et al. 2023) of the 1. Labbé
et al. (2023b) galaxies that were based on photometric redshifts
and earlier versions of the imaging data. We then use the
previously determined masses for different AGN contributions,
combined with the sizes, to measure densities and predict
emission line widths and compare these to the observed line
widths. Throughout this work we assume ACDM cosmology
with Hy=70kms 'Mpc ', ,0=03, and Q,,=0.7.
Magnitudes are reported in the AB system.

2. Data
2.1. Imaging

The JWST NIRCam imaging data of this Letter are obtained
from the Cosmic Evolution Early Release Science (CEERS)
program (PI: Finkelstein, PID: 1345; S. L. Finkelstein et al.
2022, 2023a; see data DOI of S. L. Finkelstein et al. 2023b). In
this work, we use the mosaics available through the DAWN
JWST Archive (DJA, v7.2), which are reduced using the
GRIZLI pipeline (G. Brammer 2023). The mosaics are available
in six broadband filters, short wavelength (SW; F115W,
F150W, and F200W) and long wavelength (LW; F277W,
F356W, and F444W) with a resolution of 004 pix '. In
addition, higher-resolution (0'02 pix ') data are available for
the SW bands, for which the mosaics are split into 12 tiles
(ceers-full-xi.yj-v7.2-f200w-clear_drc_sci.fits.gz, where i runs
from O to 5 and j from O to 1.). Ideally, we would use the band
at the location of the Balmer break (~3 pym) to do the analysis.
However, due to the large pixel size (and the broader point-
spread function (PSF)) of the LW data, the galaxies are barely
resolved/unresolved at these wavelengths. Therefore, we use
F200W for our analysis, the reddest band available with 20 mas
sampling. Moreover, the F200W filter probes the highest
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signal-to-noise ratio out of all the SW filters. We show cutouts
and red, green, and blue (RGB) images (see Figure 1) of the
galaxies using multiple bands for illustration.

Compared to previous versions (e.g., v4 used in 1. Labbé
et al. 2023b; J. F. W. Baggen et al. 2023), the weighting
scheme to do the drizzling has changed. Previously, the
weighting was done including the Poisson noise from the
source. This caused a suppression of flux in the central pixels
for compact sources, which could directly affect the sizes of
sources in the images. As we show in this work, the two
sources (L.23-38094 and 1.23-14924) for which the sizes are
also reported in J. F. W. Baggen et al. (2023), the newly
measured sizes are indeed smaller in the new reductions.

The form of the PSF, which describes how point sources
appear in the data, is a crucial aspect of the analysis, yet
complicated to model properly. One approach is to create an
empirical PSF from either bright, well-centered single stars or
by stacking multiple stars in the mosaic. Another approach is
forward modeling of the telescope instruments, as is done for
the WebbPSF tool created for JWST imaging (J. M. Oschmann
et al. 2014). The advantage of these synthetic PSFs is the high
signal-to-noise ratios and perfect sampling. However, a variety
of studies have found discrepancies between WebbPSF profiles
and point sources in the images (X. Ding et al. 2022; Y. Ono
et al. 2023; M. Onoue et al. 2023; J. R. Weaver et al. 2024).

We first consider a PSF made from stacking of centered,
bright, unsaturated stars in the entire mosaic (as described in
A. Weibel et al. 2024). However, we find that this PSF gives
large ellipticities (and a very similar position angle) when fit to
compact galaxies. Furthermore, the light profile is clearly
broader than that of single, well-centered stars in the vicinity
of the three galaxies. Therefore, we also consider five
single stars (R.A. [214.958582, 214.950395, 214.97986,
214.827323, 214.802483], decl. [52.930525, 52.946655,
52.969334, 52.8194630, 52.837142]), that are bright and close
to the galaxies. This method avoids smoothing due to stacking
and implicitly accounts for local variations of the PSF.
Although all of these stars give very similar results, none of
the stars are perfectly centered (>0.1 pixel shift in x and y).

Finally, we inspect results from synthetic WebbPSF models.
These fits are almost identical to those from single stars. Given
the reproducibility of WebbPSF, we use this for our reported
measurements. The uncertainty in the PSF is taken into account
in the error analysis, where we use both WebbPSF, single stars,
and the stacked empirical PSF (see Section 3.3).

2.2. Spectra

The spectroscopic properties of the three LRDs'® with
Balmer breaks shown in this Letter are obtained from B. Wang
et al. (2024b). Briefly, the galaxies were selected from a
spectroscopic follow-up program RUBIES (JWST-GO-4233,
PIs: A. de Graaff & G. Brammer; A. de Graaff et al. 2024) that
uses the NIRSpec microshutter array (MSA). The RUBIES
selection partially overlaps with the double break candidates of
I. Labbé et al. (2023b). The sources were targeted and observed
in 2024 March for 48 minutes in the Prism/Clear mode and the

13 These sources have MEy77W—ME444w > 1.5, Mpgqqw < 26, similar to
definitions of LRDs of G. Barro et al. (2024), H. B. Akins et al. (2024), and
P. G. Pérez-Gonzalez et al. (2024). These sources also have broad Balmer
emission lines, following the original criteria of J. Matthee et al. (2024), even
though that was not a selection criterion a priori.
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Figure 1. The spectra (gray) and best-fit model (dark blue) with maximal stellar
mass of three Balmer break galaxies, obtained from B. Wang et al. (2024b). We
also show 1”7 x 1” images in four different bands, F115W, F200W, F356W,
and F444W. The dotted lines indicate the location of the Balmer break (black),
[O 1] line (red), and HS (blue) line, which are relevant in this work. For
information on other emission lines, see B. Wang et al. (2024b).
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G395M/F290LP mode. For more information on the reduction,
we refer to K. E. Heintz et al. (2024).

The modeling of the spectra is described in B. Wang et al.
(2024b). Briefly, three different limiting cases are adopted to
decompose the continuum into a stellar and AGN component.
The first model maximizes the stellar contribution and
minimizes the AGN contribution to the continuum, by setting
it to zero. The resulting stellar masses of all three galaxies are
very high, My max ~ 101'M,. In the cumulative stellar mass
density versus stellar mass plane, they lie close to the limit
allowed by ACDM (see both M. Boylan-Kolchin 2023;
B. Wang et al. 2024b). The second model assumes a maximal
AGN contribution and therefore minimizes the contribution of
stars. These minimal masses are My pin ~ 10°M,. As
described in B. Wang et al. (2024b), this model leads to
overmassive black holes relative to their host stellar masses,
compared to the local relation. They also adopt a third model
that lies in between the “maximum” and “minimum” cases,
with stellar masses of My mea ~ 10'° M, In this model, the
AGN and stellar population both contribute equally to the red
continuum at A ~ 5000 A while the AGN dominates the red
continuum beyond that wavelength.

While these three models are physically very different, they
give equally good fits to the red continuum. This is problematic
for determining the stellar masses, which are not well
constrained, with differences in stellar mass between the no-
AGN and max AGN models of up to ~2 dex. Other caveats
complicate the determination of stellar masses even further,
such as the assumption of an initial mass function (IMF; see,
e.g., P. van Dokkum & C. Conroy 2024) and the lack of
information at near-infrared wavelengths from for example
MIRI (H. B. Akins et al. 2024; T. Wang et al. 2024c). These
uncertainties are smaller than those associated with the choice
of AGN contribution (see, e.g., C. Conroy et al. 2009), but we
stress that there are significant systematic uncertainties even
within each of the three B. Wang et al. (2024b) models. In this
work, we adopt the reported stellar masses from B. Wang et al.
(2024b), derived from the spectra in rest-frame UV to optical
and a G. Chabrier (2003) IMF, but we stress the caveats
involved in these stellar mass measurements. Finally, we
consider the three cases that vary the contribution of AGN as
possible truths. The nine individual stellar mass measurements
are listed in Table 1. For more information on the fitting
procedure and parameters in the modeling of the three
scenarios, we refer to B. Wang et al. (2024b).

In Figure 1 we show the spectra in light gray and the best-fit
model using the maximum stellar mass in dark blue. For
illustration we also show the Balmer break at Ao = 3646A
the [O 1] line at Ay = 5007 A, and HB at A\ = 4861 A as
dotted lines in black, red, and blue, respectively.

3. Structural Properties
3.1. Morphologies

In Figure 2 (top panels) we show the individual images
(1”7 x 1”) for the three Balmer break galaxies in F200W, as well
as the NIRSpec slits that were used. We also show two RGB
images, the first created from cutouts in F115W (blue), F150W
(green), and F200W (red) and the second from F150W (blue),
F277W (green), and F444W (red). The images show that all
three galaxies are extremely small and appear as single,
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Table 1
Spectroscopic and Structural Properties of Three Balmer Break Galaxies

RUBIES-ID L.23-ID RA. Decl. Zepec log (M max) log(My mea) log(My min) o(Hp) Te. maj b/a
(Mo) Ms) Ms) (km s™") (pe)

49140 214.89225 52.87741 6.68 11.2795 9.93+022 9.507908 1402758 123418 0.58

55604 38904 214.98303 52.95600 6.98 1115043 9.791014 8.9910:1¢ 1527719% 5473 0.78

966323 14924 214.87615 52.88083 8.35 10.6°043 9.847039 8.7210% 1369438 8672, 0.73

Note. The first and second columns indicate the galaxy ID given in B. Wang et al. (2024b) and the corresponding ID number of L.23. The spectroscopic redshift
(column (4)), stellar masses (M) with 1o errors (columns (4)—(6)) and velocity dispersion (km s~ 1) of the broad HJ line (column (7)) are obtained from B. Wang
et al. (2024b). The three different stellar masses are obtained by varying the AGN contribution relative to stellar contribution (see the text). Columns (8) and (9) are the
fitted effective radii 7., ms (pc) along the major axis and the minor-to-major axis ratio (b/a), respectively. The galaxies are fit with a Sérsic profile in filter F200W
using WebbPSF. We perform simulations (see the text) to obtain 1o errors on the size measurements.

04 966323

49140 556

Image

Vo

Mask

Model

Residual

¢

e

Figure 2. The top row shows images in the NIRCam F200W band of the three
Balmer break galaxies. The second row shows the segmentation maps; the third
row shows the best-fitting PSF-convolved GALFIT models. The residuals,
obtained by subtracting the best-fitting models from the images, are shown in
the fourth row. The fifth row shows RGB images of the galaxies, with F115W
as the blue band, F150W as the green band, and F200W as the red band and the
final row with F115W, F277W, and F444W. All images are 1” x 1”.

RGB
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RGB

F150
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unresolved or barely resolved objects in the long-wavelength
bands. However, the morphologies of two of the galaxies are
more complex in the bluer bands. ID-49140 and ID-55604 have
a faint extension or small clump next to a compact primary
component. These clumps are most prominent in FI115W (see
the cutout images in Figure 1). The morphology of ID-966323
is more pointlike in all bands.

3.2. Sérsic Profile Fitting

We fit the surface brightness profiles of the three Balmer
break galaxies with J. L. Sersic (1968) profiles. As explained in
Section 2.1 the fits are done in F200W, probing rest-frame
wavelengths  of = A ~200-250nm. We wuse GALFIT
(C. Y. Peng et al. 2002, 2010), and the relevant parameters
are the central position (x, y), the effective radius (along the
major axis) (r.), the Sérsic index (n), the total integrated
magnitude, the projected minor-to-major axis ratio (b/a), and
the position angle (PA).

Initial fits showed that the Sérsic index cannot be determined
robustly, given the small sizes of the galaxies, but that it
typically ranges between 1 and 3.5. We adopt a fixed n = 1.5 in
the fits. The uncertainty in » translates into an uncertainty in e,
and this is propagated in our error analysis (see Section 3.3).
The r, is allowed to vary between 0.01 and 100 pixels and the
total integrated magnitude between —5 and +5 mag from the
previously measured aperture magnitude.

We generate a mask with contaminating sources as follows.
The background is estimated using sigma-clipped statistics
with a filter size of 5 pixels and the background rms (o). After
subtracting the background, the data are convolved with a 2D
Gaussian kernel with an FWHM of 3 pixels. Using this
convolved background-subtracted image, we adopt a source
detection threshold of 1.5¢. The resulting map contains pixels
that are not considered while fitting the galaxy models on the
image with GALFIT.

For ID-55604 and ID-49140, we fit two Sérsic components
based on the images in F115W and F150W (see Section 3.1).
The nature of the relatively blue secondary, offset, components
is unclear. The primary component contains 70% and 85% of
the total fluxes of ID-55604 and ID-49140, respectively. As the
primary components are redder than the secondary components
(particularly for ID-55604—see Figure 2), they contribute an
even larger fraction of the total masses. Fitting the galaxies
with single components leads to significant residuals, as
expected, and sizes that are twice as large as our default
values. We include this systematic uncertainty in the error bars
of these objects, as discussed in Section 3.3.

3.3. Sizes and Uncertainties

The masks, best-fitting models, and residuals from the fits
are shown in Figure 2. The fits are overall excellent. The
effective radii are extremely small, ~1.1 pixel or smaller. Using
the spectroscopic redshifts of the galaxies, we find physical
effective radii of 123, 54, and 86 pc for the three galaxies. To
determine the uncertainties in these measurements we perform
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simulations to obtain upper and lower bounds for the sizes,
taking into account the assumptions and unknowns in the
modeling.

For each galaxy we consider a finely sampled array of
possible sizes, from 0 to several pixels. For each test size re test
we simulate 10° Sérsic models using GALFIT, with re = re test
and the same integrated magnitude of the best-fit model, while
randomly assigning b/a from 0.1 to 1, PA from 0° to 90°, and
n from 0.5 to 6. We convolve these Sérsic models with either
the stacked empirical PSF or WebbPSF. We then place these
convolved models into the residual maps of the initial fits, so
that differences between the galaxy profiles and Sérsic profiles
are included in the errors. We fit these synthetic images
following the same methodology as was used to fit the galaxies.
This includes keeping n = 1.5 fixed, fitting with WebbPSF, and
solving for r., b/a, the integrated magnitude, PA, and the sky
background. This results in an array of 10° different sizes for
which the underlying model had a true size of r 5. Next, we
ask whether the observed size r. ops 1S Within the central 68% of
the distribution of 10° simulated sizes. If so, then Tetest 18
deemed an acceptable true size of the object, and it is included
in the 1o error bar for that galaxy.

We find that the uncertainties are asymmetric, with smaller
true sizes being more likely than larger true sizes. This can be
traced to two effects. First, our choice of the WebbPSF for the
default measurement: convolving a galaxy with an empirical
PSF and then fitting it with WebbPSF leads to a slight
(~0.2 pixel) overestimate of the size, and as half the
simulations use empirical PSFs this leads to an overall bias
in the simulated sizes. Second, there are more simulations with
n > 1.5 than with n < 1.5, and fitting with fixed n = 1.5 leads to
a small (also ~0.2 pixels) bias.

A final uncertainty that has to be taken into account is our
choice of fitting two galaxies (ID-55604 and ID-49140) with
two components rather than one. We refit both galaxies with a
single component to assess the importance of this choice. These
fits lead to strong residuals, but they are stable. The half-light
radii of both galaxies increase by a factor of ~2 when they are
fit as a single component. To account for this, we add the
difference between the single-component and two-component
fits in quadrature to the (positive) error bars of these two
galaxies. In Table 1 we report the measured sizes with their
uncertainties.

3.4. Size—Luminosity Relation

The central observational result of this Letter is the
compactness of the three Balmer break galaxies at z~ 7-8.
The sizes for ID-55604 and ID-966323 are lower than
measured in J. F. W. Baggen et al. (2023) for identical
galaxies due to the new reduction scheme (see Section 2), but
are consistent within the error bars. The average size of the
three galaxies is (r.) &~ 90 pc, smaller than the mean size of
150 pc in J. F. W. Baggen et al. (2023).

The sizes are similar to those of ultracompact dwarf galaxies
(rerr < 100 pe; e.g., H.-X. Zhang et al. 2015) and smaller than
any other moderately luminous galaxy population observed at O
< z< 5. To illustrate the extreme nature of these objects, we
show the relation between effective radius (along the major
axis) and UV magnitude (As ~ 1500 A) in Figure 3. Besides
the three Balmer break galaxies we show the relation for local
spiral galaxies, obtained from R. S. de Jong & C. Lacey (2000),
for which we correct the measured i-band magnitudes to UV

Baggen et al.

10— T
F [ D 49140
@ 1D 55604
© 1D 966323
* MW
100 1 | De Jong & Lacey+00
] —— Kawamata+18

'? i --- Yang+22

_@« O  Shibuya+15

b 1 O Bouwens+22

I This work A Chen+23

1 z~7-8 % Schaerer+24
107 ¢ 3 <& Topping+24
F~ Lensed z~6-8 i O Furtak+24
q [0 Williams+23
? 1 LRDs Akins+24
o <
1 Jc N S B P
-16 —-18 —-20 —22 —24
Myv [mag]

Figure 3. The size measured in F200W, plotted against the UV magnitude,
measured from the spectrum at Ay = 150 nm. We also show size—luminosity
derived for local spiral galaxies from R. S. de Jong & C. Lacey (2000) for
which we use a magnitude correction Myy—M;= 1.0, and LBGs at z ~ 8
(T. Shibuya et al. 2015; R. Kawamata et al. 2018; R. J. Bouwens et al. 2022)
and z~9-12 (L. Yang et al. 2022). In addition we show star-forming
complexes (Z. Chen et al. 2023) with zph ~ 6-8. Finally, we show extremely
compact sources, recently detected through lensing with JWST, reported in
L. J. Furtak et al. (2024; R. < 35 pc, z="7.0), M. W. Topping et al. (2024;
R.<22pc, z=06.1), and H. Williams et al. (2023; R.= 16 pc, z=9.5).
Finally we show the upper limit of <100 pc reported for the brightest LRDs
(H. B. Akins et al. 2024; see the text).

magnitude using Myy—M; = 1.0, following A. Grazian et al.
(2012). We also show the size-luminosity relation for Lyman
break galaxies (LBGs) detected prior to JWST at z~ 8 from
T. Shibuya et al. (2015), R. Kawamata et al. (2018), and
R. J. Bouwens et al. (2022), as well as recently detected
galaxies with JWST at z ~ 9-12 from L. Yang et al. (2022). At
fixed absolute magnitude, these galaxies are about 100X
smaller than local spiral galaxies and about 10x smaller than
LBGs at the same redshifts. Instead, their sizes are similar to
those of lensed sources, reported in R. J. Bouwens et al. (2022),
which are ~6 mag fainter. However, these sizes corroborate
with some of the most recent results with JWST. We show the
sizes (diamond) and upper limits (triangle) of star-forming
complexes reported in Z. Chen et al. (2023) with 7, ~ 6-8. In
addition, we show a bright compact galaxy at zZspe. = 9.4 with
R.=118pc (D. Schaerer et al. 2024b). Extremely compact
sources, recently detected through lensing with JWST,
reported in L. J. Furtak et al. (2024; R.<35pc, z=7.0),
M. W. Topping et al. (2024; R.<22pc, z=06.1), and
H. Williams et al. (2023; R.=16pc, z=9.5) are shown as
red scatter points. Finally, we show r. < 100 as a reference
upper limit forthe brightest LRDs found by H. B. Akins et al.
(2024), and we convert the reported flux at Agps = 1.15 um
(F =15.76nJy) from the observed stacked spectrum to rest-
frame UV magnitude, assuming a redshift of z =6.

4. Densities and Kinematics

The small sizes, combined with the masses determined in
B. Wang et al. (2024b), imply very high densities. Here we
assess the average surface density of the galaxies (Section 4.1),
their 3D density profiles (Section 4.2), and the expected
kinematics (Section 4.3). In each subsection we consider all
three mass measurements of B. Wang et al. (2024b), for
minimal, medium, and maximal AGN contributions, and
indicate those with different colors in the figures.
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Figure 4. The surface density (Xerr = My(<R.)/ 7rR62) plotted against stellar
mass. We show a theoretical limit Lo < 3 x 10° M, pc2, determined by
M. Y. Grudi¢ et al. (2019), as the dashed black line. For illustration, we show
regions in M,—Y.; space for multiple stellar systems estimated from
P. F. Hopkins et al. (2010), the class of star clusters (SCs), ultracompact
dwarf galaxies (UCDs), and globular clusters (GCs) (green); local elliptical
galaxies (gray); and compact z > 2 elliptical galaxies (yellow). We also show
(see the text) quiescent galaxies at z ~ 4-5 (A. C. Carnall et al. 2023; A. de
Graaff et al. 2024; D. J. Setton et al. 2024), compact starburst galaxies at
z = 0.4-0.8 (A. M. Diamond-Stanic et al. 2021), Cosmic Gems star clusters at
z~ 10 (A. Adamo et al. 2024), and the MW nuclear star cluster. The surface
density measured for the three Balmer break galaxies are shown for the three
sets of stellar masses My min, My med> and My max in orange, red, and purple,
respectively.

4.1. Effective Surface Density

The average surface density within the effective radius can
be calculated with

Seft = My(<R.)/TRZ, (1)

where M, (<R.)=M,/2 and R, is the projected circularized
half-stellar mass—radius Re = 7 maj+/b/a (ignoring M/L
gradients).

In Figure 4 we show the surface densities for the three
galaxies and for the three different stellar mass measurements of
B. Wang et al. (2024b), Mx min. My med> and My .« in orange,
red, and purple, respectively. For context, we also show regions
in M- space for various stellar systems, as estimated in
P. F. Hopkins et al. (2010). Nuclear star clusters, ultracompact
dwarf galaxies, dSph nuclei, and globular clusters are taken
together and shown in green; local elliptical galaxies are shown
in gray; and compact z>?2 elliptical galaxies are shown in
yellow. We also show recently discovered star clusters at z ~ 10
(A. Adamo et al. 2024) in the Cosmic Gems arc.

In addition, we show the surface densities derived for three
quiescent massive galaxies at z=4-5 from A. C. Carnall et al.
(2023), A. de Graaff et al. (2024), and D. J. Setton et al. (2024).
For these quiescent galaxies the effective radii are circularized
using b/a = 0.7, identical to the value reported for the compact
component in D. J. Setton et al. (2024). Finally, we show the
central surface densities for the compact starburst galaxies at
z=0.4-0.8 (A. M. Diamond-Stanic et al. 2021).

The black dashed line shows an effective surface stellar mass
density of Y <3 x 10° M., pc 2. In the local Universe, very
few stellar systems exceed this limit, going all the way from
star clusters and globular clusters to elliptical galaxies
(P. F. Hopkins et al. 2010; M. Y. Grudi¢ et al. 2019). It has
been suggested that some universal mechanism controls the
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surface density: P. F. Hopkins et al. (2010) propose that
feedback from massive stars in the form of winds and radiation
fields is likely responsible for the observed X,,x. M. Y. Grudié
et al. (2019) propose an alternative model, relating the stellar
feedback and star formation efficiency (SFE).

The surface densities of the three galaxies discussed here
are extremely high. They are above the empirical surface
density limit of P. F. Hopkins et al. (2010) by 1 order of
magnitude in the no-AGN model, are on the limit for the
mixed model, and are below the limit only for the maximal
AGN model. The densities are also higher by several orders of
magnitude than those of plausible descendants, elliptical
galaxies at z=0.

The densities are most extreme for the no-AGN model, and
this could be taken as evidence against it. However, we note
that some nuclear star clusters reach ~10°M_ pc™? in their
centers, above the empirical limit. An important example is the
nuclear star cluster in the center of the Milky Way around
SgrA*, which reaches 2.5 x 10° M., pc 2 within the central
0.5pc (see the review by N. Neumayer 2017), indicated in
Figure 4 as a dark blue star. We calculated this surface density
using a stellar mass within this region of M, ~ 10°M.,
(R. Schodel et al. 2009).

4.2. Stellar Mass Profiles

As first discussed in R. Bezanson et al. (2009), extreme
densities within the effective radius do not necessarily
correspond to extreme densities on small physical scales. The
effective radius evolves, and if galaxies grow inside out, their
surface density within the effective radius goes down with time
even if their density within a fixed small physical radius
remains constant.

Following J. F. W. Baggen et al. (2023) we show the 3D
density profiles of the galaxies in Figure 5. The profiles were
determined from the radii and the three different sets of stellar
masses, using the same methodology as in J. F. W. Baggen
et al. (2023). In short, we perform an Abel transform to the 2D
best-fit Sérsic profile (see Table 1). After that, the luminosity
profile is converted into a stellar mass profile by assuming the
M/L ratio does not change with radius. The profile is then
scaled such that the total stellar masses are identical to those
derived in B. Wang et al. (2024b). The uncertainty bands reflect
the uncertainties in both the radii and the masses. We also show
the stellar mass profiles of massive quiescent galaxies at
different cosmic times: z~ 0 elliptical galaxies (T. Tal et al.
2009), z~ 2.3 compact elliptical galaxies from R. Bezanson
et al. (2009), and the mean mass profile for three quiescent
galaxies at z~4-5 (A. C. Carnall et al. 2023; A. de Graaff
et al. 2024; D. J. Setton et al. 2024).

We find that the central stellar mass densities are similar to
those of plausible descendants for the medium mass model (red
points) and that they are lower for the lowest masses (the
maximal AGN model). Strikingly, the central densities are
extremely high for the no-AGN masses (purple):
~10" M_ kpc™? in the inner tens of parsecs, comparable to
the densest nuclear star clusters (R. Pechetti et al. 2020). They
are 1 order of magnitude above the density of plausible z~ 0
descendants, and also higher (by a factor of ~5) than quiescent
galaxies at z = 4-5. If the no-AGN stellar masses are correct, it
means that inside-out growth alone is not sufficient to connect
these galaxies to their plausible descendants. The densities need
to evolve downward in order to be consistent with the central
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Figure 5. The median stellar mass profiles for the three sets of stellar masses
(see Table 1), My min, My mea, and My e in orange, red, and purple,
respectively. We also show the stellar mass profiles of massive quiescent
galaxies at different cosmic times: the mean stellar mass profile of three
compact massive quiescent galaxies at z ~4-5 (A. C. Carnall et al. 2023;
D. J. Setton et al. 2024; A. de Graaff et al. 2024), z ~ 2.3 compact elliptical
galaxies (R. Bezanson et al. 2009), and massive elliptical galaxies at z=0
(T. Tal et al. 2009).

densities in the cores of quiescent galaxies at z=0-5. We
return to this in Section 5.

4.3. Kinematics

From a simple virial equilibrium argument, we can relate the
dynamical mass (Mgy,) of a galaxy to its velocity dispersion o
at radius r:

N GMdyn( <r)
kr .

o2

2)

for which the virial coefficient k depends on the galaxy
structure and the shape of the velocity dispersion profile and is
typically assumed to be between ~3 and 5 (e.g., M. Cappellari
et al. 2006; A. van der Wel et al. 2006; M. Franx et al. 2008;
E. N. Taylor et al. 2010). If we make assumptions about the
properties of the stars and gas in the system, following, e.g.,
P. G. van Dokkum et al. (2015), we can also relate the velocity
dispersion of the gas to the stellar mass and circularized
effective radius:

log(oprea) = 0.5[log(My) — log(re) — C1, 3)

where 0peq is in km s, M, is in M., and r. is in kpc. The
constant C is uncertain, as it depends on the inclination and
dynamics of the gas and stars, on their mass contributions, and on
their relative spatial distributions. Following P. G. van Dokkum
et al. (2015) we adopt C = 5.9, but to account for the uncertainties
in the properties of the systems, we also consider the relations for
C=6.1 (as used in R. Bezanson et al. 2009), which corresponds
to 1.25x lower expected velocity dispersions for a given mass and
size, and C=15.7 (1.25x higher dispersions). For convenience,
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the full derivation along with all detailed assumptions is provided
in the Appendix.

In Figure 6 we compare the expected velocity dispersion
calculated with Equation (3) to the measured widths of the HG
lines in the three galaxies. The error bars reflect the
uncertainties in size and mass. The black error bar in the
lower left corner indicates how each measurement would shift
horizontally when using C = 5.7 (to the right) and C = 6.1 (to
the left). The expected dispersions are a strong function of the
choice of stellar mass, ranging from ~150kms~' for the
minimal masses to >1000kms ' for the maximal (no-
AGN) mass.

Remarkably, the expected dispersions are very similar to the
observed HG line widths for the no-AGN model. The
implication is that the broad Balmer emission lines in these
galaxies could simply be the result of the small sizes and high
masses of the galaxies, rather than caused by the BLRs around
supermassive black holes (SMBHs). For reference, we also
show the strongly lensed red, compact source reported in
L. J. Furtak et al. (2023, 2024), which has a superficially
similar spectrum to the three Balmer break objects in the
present study. The upper limit to the effective radius is
R. <35 pc, and the stellar mass for an SED dominated by stars
is log(My/M.) = 10.57'* for this object. This gives an
expected velocity dispersion (lower limit) similar to the
reported value from the H{F line (0 =FWHM/2.35=
1190 kms™ .

An important caveat is that the forbidden [O III] lines in the
three galaxies are narrow, of order o~ 50-70 km s~ In an
AGN scenario this is explained by the high density of the gas
close to the black hole, the forbidden lines cannot form there,
because the collisional de-excitation rate exceeds the radiative
de-excitation rate. Forbidden lines arise from a narrow-line
region at larger distances. Interestingly, this same effect could
be at work in the no-AGN scenario. We derive the density of
the gas as follows. If we assume the gas and the stars follow the
same spatial distribution, 7ga5 ~ stars ~ 7, the ratio of the scale
height to the scale length is ¢/a ~ 0.5, and M, ~ 0.5Mys,
we obtain a gas density of N=10%°-10%%cm 3, which is
larger than the critical density for the forbidden line
(Nerom5007 A= 10°%em™; L Appenzeller & R. Oestreic-
her 1988). If the gas disk is thinner (i.e., ¢/a < 0.5), the gas is
even denser. "’

5. Discussion

The main observational result of this Letter is a confirmation
of the existence of extremely small (7.~ 100 pc), luminous
galaxies in the early Universe, at z = 6-8. Unlike other high-
redshift galaxies, we know that the light at A,,s =2 um is
dominated by stars, thanks to the detection of Balmer breaks in
the spectra (B. Wang et al. 2024b). Despite the accurate sizes
and the Balmer break detections, the densities of the galaxies
remain uncertain, because AGNs might contribute to the long
wavelength flux (see B. Wang et al. 2024b).

We show that the maximal mass (that is, no-AGN) models
produce objects that are 1 order of magnitude denser in their

14 We note that this stellar mass is derived from photometry alone. Initial
results of fitting the spectrum of this source with a stellar population show that
the stellar mass is perhaps lower than this value (R. Maiolino et al. 2024a).
!5 These results stem directly from the line widths: the line width is a proxy for
density, and for o > 1000 kms~' forbidden line formation is suppressed,
irrespective of the spatial scale of the gas.
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Figure 6. The observed velocity dispersion of the broad HS lines plotted against the predicted velocity dispersion based on Equation (3) using the measured effective
radius and stellar masses (Table 1). We show the three stellar mass models, My min, M. med> and My max in orange, red, and purple, respectively. We predict high
velocity dispersions, up to a few hundred km s~ for the medium stellar mass scenario and Z 1000 km s~! for the maximum stellar mass scenario, similar to the
observed velocities. The black error bar in the lower left corner indicates how each measurement would shift horizontally when using different relations for
Equation (3), with C = 5.7 (to the right) and C = 6.1 (to the left). In the no-AGN model, the predicted velocity dispersions are very similar to the observed Hf line
widths. Perhaps, the broad Balmer emission lines in these galaxies could simply be the result of the small sizes and high masses of the galaxies. The right plot shows a

schematic view of this scenario.

centers than any other known galaxies. This might be taken as
evidence against such models, except that they predict line
widths that correspond remarkably well to the observed broad
widths of the H/3 lines. If this is the correct interpretation for
these galaxies, it may apply to many other “little red dots” with
broad emission lines as well. It would provide a natural
explanation for the lack of X-ray detections, lack of variability,
and relatively faint MIRI fluxes of these galaxies (see the
discussion and references in the Introduction).

It remains to be seen whether this scenario can explain all
aspects of these systems. First, the high luminosity in HS
(L>10"ergs™") may require an exotic mechanism for
ionizing the gas. While AGNs are the most straightforward
explanation, there are other possibilities. The extremely high
density of the gas may lead to collisional excitation or shocks
being a significant contributor (e.g., K. Davidson &
T. D. Kinman 1985; B. T. Draine & C. F. McKee 1993;
G. Stasiniska & Y. Izotov 1999; G. Stasinniska & D. Schaerer
2001; A. C. Raga et al. 2015). There is also some evidence
for the presence of very massive stars at high redshift
(A. Upadhyaya et al. 2024), with higher ionizing power than
typical stellar populations (e.g., D. Schaerer et al. 2024a). IMFs
favoring the formation of massive stars can also explain the
population of bright galaxies at z > 10 (K. Inayoshi et al. 2022;
Y. Harikane et al. 2023a; S. H. Menon et al. 2024; A. Trinca
etal. 2024; L. Y. A. Yung et al. 2024). We note that alternative
IMFs also change the stellar masses of the galaxies. In
particular, recently P. van Dokkum & C. Conroy (2024)

proposed a “concordance IMF,” with a steep low mass slope
and a shallow high mass slope. The shape of this IMF is
capable of reconciling both the high-redshift bright, massive
galaxies and observations of the cores of the most massive
galaxies in the local Universe. This IMF produces slightly
lower stellar masses (log(Myx) = —0.3 to —0.2) for the three
galaxies than the G. Chabrier (2003) IMF used by B. Wang
et al. (2024b), but the change is much smaller than the effects
of including AGNs in the modeling.

Second, the [O 1] lines should be spatially extended with
respect to the Balmer lines. The spatial sampling of the
NIRSpec data (0'306—0'.'1) is, however, too coarse to confidently
detect this effect in the current data, but high-resolution
observations (with the NIRCam grism, or of a lensed system)
should show this differential effect. Third, the line profiles of
the Balmer emission lines should not be perfectly Gaussian but
reflect rotation (see, e.g., P. G. van Dokkum et al. 2015). There
is some evidence for asymmetries and perhaps two peaks in the
medium-resolution spectra of B. Wang et al. (2024b), but this
could also be interpreted as absorption (see, e.g., I. JuodZbalis
et al. 2024a; B. Wang et al. 2024a). Finally, a stellar velocity
dispersion measurement would be definitive. Such a case for an
LRD has been reported very recently in V. Kokorev et al.
(2024), a little red dot with a massive (log(My/M) ~ 10.6)
quenched galaxy host which is also compact (r. < 300 pc), for
which a velocity dispersion of o~ 400kms™' is predicted,
identical to the observed broad stellar absorption lines. There is
a broad H@ absorption component, but it is too weak to
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robustly determine the width of the line. A further test for these
Balmer break galaxies is that for o > 1000 km s~ the blended
absorption lines in the Balmer break region take on a smoother
shape than for “normal” velocity dispersions, and this should
be detectable in high signal-to-noise ratio spectra.

If this interpretation were confirmed, key questions are what
might have caused such extremely small and dense galaxies to
form and how they evolve into “normal” systems with larger
sizes and lower central densities. Perhaps the conditions in
these systems are such that feedback-free starbursts (FFBs) can
occur (A. Dekel et al. 2023), with the lack of feedback leading
to extreme star formation efficiencies and thereby extreme
stellar masses. FFB galaxies are indeed expected to be compact
(Z. Li et al. 2024). It was also recently suggested that the
compactness may simply be driven by the steepness of dark
matter profiles at z = 10-14 (M. Boylan-Kolchin 2024). Their
compactness could also be the result of the low angular
momentum of halos during their initial collapse, as proposed by
D. J. Eisenstein & A. Loeb (1995) and A. Loeb (2024). Some
general hydrodynamical simulations also produce small sizes
for the most massive galaxies, such as z ~ 6 galaxies in TNG50
(L. Costantin et al. 2023) and z~ 7 galaxies in the BLUE-
TIDES simulation (M. A. Marshall et al. 2022). In addition,
W. J. Roper et al. (2023) find that bulge formation begins by
efficient cooling and high star formation rates in the cores down
to effective radii of 7.~ 100 pc in the FLARES simulation.
However, others find discrepancies between the observed and
simulated sizes of high-redshift galaxies (e.g., THESAN;
X. Shen et al. 2024). It remains an open question why
compactness seems to be such a generic feature of early bright
star-forming  galaxies (z~7-9, r.~100-300pc; e.g.,
H. B. Akins et al. 2023; J. F. W. Baggen et al. 2023;
W. M. Baker et al. 2024; D. Langeroodi & J. Hjorth 2023;
Y. Ono et al. 2023; D. Schaerer et al. 2024b) and massive
quiescent galaxies out to z~5 (r.~200-500pc; e.g.,
A. C. Carnall et al. 2023; A. de Graaff et al. 2024; Z. Ji
et al. 2024; V. Kokorev et al. 2024; D. J. Setton et al. 2024,
L. Wright et al. 2024).

Whatever the formation mechanism, in the no-AGN
scenario, dramatic evolution is required to bring the stellar
mass densities in line with those of plausible descendants. One
possible mechanism is adiabatic expansion due to feedback-
driven mass loss from AGNs or stellar winds (L. Fan et al.
2008). Feedback may be suppressed at early times (A. Dekel
et al. 2023) and then become very effective once it is “turned
on.” Another mechanism is scouring by a binary SMBH (e.g.,
M. C. Begelman et al. 1980; J. G. Hills 1983; T. Ebisuzaki
etal. 1991; G. D. Quinlan 1996) after a merger. The ejection of
stars from the core lowers the density, increases the size, and
likely also reduces rotational support (e.g., A. Rantala et al.
2024). While these models have been proposed to explain the
size evolution of lower-redshift (z ~ 2) compact red nuggets, as
well as the formation of cores in present-day ellipticals, they
work on the right spatial scales to be relevant here. An
attractive feature of such scenarios is that they act quickly,
lower the central density and increase the effective radius, and
keep the stellar mass roughly constant, bringing the galaxies
close to observed quiescent galaxies at z=4-5 (A. C. Carnall
et al. 2023; A. de Graaff et al. 2024; D. J. Setton et al. 2024).
After this expansion phase the galaxies slowly grow inside out,
largely due to minor mergers (see, e.g., T. Naab et al. 2009;
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Figure 7. A possible pathway of the massive compact galaxies at z > 6 in the
no-AGN scenario. First, a phase of expansion as a result of mass loss
(triggered by feedback; e.g., L. Fan et al. 2008) or interaction of the SMBH
with the stars in the central region (e.g., M. C. Begelman et al. 1980;
J. G. Hills 1983; T. Ebisuzaki et al. 1991; G. D. Quinlan 1996) is required to
lower the densities and velocity dispersions to those of massive compact
quiescent galaxies at z =4-5. After that the galaxies grow mainly in an
inside-out fashion, due to minor mergers (e.g., R. Bezanson et al. 2009;
T. Naab et al. 2009; P. G. van Dokkum et al. 2010).

P. G. van Dokkum et al. 2010). These pathways are illustrated
in Figure 7.

It also remains to be seen whether these ultracompact
galaxies are stable against gravitational collapse; it may be that
parts of the galaxies collapse into SMBHs while the rest
expands (D. Lynden-Bell & R. Wood 1968; see also A. Dekel
et al. 2024; P. Kroupa et al. 2020).

Finally, we stress that the standard interpretation of the
broad Balmer emission lines, namely, BLRs around SMBHs,
remains viable—and perhaps more likely. Future observa-
tions may show whether the continuum is dominated by AGN
light or stellar light, for instance, through probing the red
continuum beyond A, =1.6 yum with Atacama Large
Millimeter/submilleter Array/MIRI (see, e.g., I. Labbé
et al. 2023a; H. B. Akins et al. 2024; E. Iani et al. 2024;
P. G. Pérez-Gonzalez et al. 2024; C. C. Williams et al. 2024).
The no-AGN solution that we explore here is self-consistent
and intriguing, but it requires further evidence.
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Appendix
Expected Velocity Dispersion

In this appendix, we show the derivation of Equation (3),
following P. G. van Dokkum et al. (2015) and references
therein.

The observed velocity dispersion of the gas, which is the
second moment of the velocity distribution of the gas along the
line of sight, for an unresolved rotating disk is given by

2
T gas

= azvr%)t sin®i + U%andom’ (A1)
where i is the inclination (such that face-on systems have i =0
and edge-on disks have i=90) and « is typically ~0.6-1
(M. Franx 1993; H.-W. Rix et al. 1997; B. J. Weiner et al.
2006). The random motion term contains the dispersions within
the gas clouds in the interstellar medium and inclination-
dependent nongravitational motions such as winds:
02 ndom = Ot + W2(i)0%inq. The rotation velocity (Vi) of
the gas at a radius r,, is related via the virial theorem to the
dynamical mass enclosed in rgys:

> N GMdyn(<rgas)

rot, gas — ’

A2
e (A2)

where k is the (typically radius-dependent) virial coefficient.
For a perfectly spherical case, k= 1, but for a thin disk, a value
of k= 1.8 (corresponding to n = 1) is typically used (see, e.g.,
L. E. Rowland et al. 2024). We assume that the stars in the
compact galaxies in this work formed simultaneously with the
gas, such that they have the same distribution and kinematics.
Therefore, we assume that the size of the gas disk is equal to
that of the stars, 7y = Fgtars = 7e. In principle, this might not be
true at all (see the discussion in P. G. van Dokkum et al. 2015);
the gas could either be more extended or more compact. If we
also ignore the random motions of the gas, we obtain

GMdyn(<re)

2 = a’sin(i)
kr

: (A3)

o

Assuming that the dynamical mass consists of gas and stars,
neglecting dark matter in the center, we have
Mayn(< 1e) = Mgao(< 1e) + My (< 7.). If we then assume the
mass fraction in gas and stars to be equal (fy,s = 0.5), we have
Myyn(< re) = 2M (< r.), where the half-light radius contains
half the stellar mass, s0 Mgy, (< 7.) = M. Plugging in numbers
for a~038, k=1, i=45° and G=4.3 x 10" °kpc (M,)"!
(km s~1)2, we have the expected velocity dispersion of the gas,
as a function of stellar mass and effective radius:

log opred = 0.5[log(My) — log(r.) — 5.9]. (A4)

It is clear that the constant C can vary, depending on the
assumed properties of the system. For example, if we assume
k= 1.8 instead of k=1, we get C=6.1 (x1.25 lower velocity
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dispersion), while an inclination of i=60° would lead to
C=5.7 (x1.25 higher velocity dispersion).
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s

In the published article, footnote 14 had an incorrect citation. The correct citation is Y. Ma et al. (2024) instead of R. Maiolino
et al. (2024). The correct footnote is: “We note that this stellar mass is derived from photometry alone. Initial results of fitting the
spectrum of this source with a stellar population show that the stellar mass is perhaps lower than this value (Y. Ma et al. 2024).”
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