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Abstract

:

Available inventories of baryonic mass in the universe are based largely on galactic data and empirical calculations made >20 years ago. Values falling below cosmological estimates underlie proposals that certain rarified gassy regions could have extremely high T, which motivated absorption measurements and hydrodynamic models. Yet, the shortfall remains. We inventory the total baryonic mass, focusing on gravitational interactions and updated measurements. A recent analytical inverse method for analyzing galactic rotation curves quantified how baryon mass and associated volumetric density (ρ) depend on distance (r) from galactic centers. The model is based on the dynamical consequences of the observed oblate shape of galaxies and the Virial Theorem. The parameter-free solution provides ρ(r) ∝ 1/r2 which describes star-rich galactic interiors, gas-rich outer discoids, circumgalactic media, and gradation into intergalactic media. Independent observational determinations of baryonic ρ validate that our 1/r2 result describes baryons alone. This solution shows that total baryonic mass associated with any galaxy is 2.4 to 40 times detectable luminosity, depending on galaxy size and spacing. Luminosity data within 50 Mpc show that Andromeda equivalents separated by ~1 Mpc represent the local universe. Combining the above yields (6 ± 2) × 10−25 kg m−3 for the present-day universe. Three other approaches support this high density: (1) evaluating trends and luminosity data near 1000 Mpc; (2) using a recent estimate for the number of galaxies in the universe; (3) calculating an energy balance. We discuss uncertainties in the critical density. Implications of large baryonic ρ are briefly discussed.
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1. Introduction


Models of the Big Bang predict ~30% to 40% more baryons than have been estimated from observations of the local universe (e.g., [1,2,3,4]), and suggest that baryons are only a small proportion of total mass. Masses of objects composing the universe, i.e., galaxies with their internal star-rich components, hydrogen-rich interstellar media (ISM), and atmospheres grading into rarified space, have been determined from luminosity measurements and mass–luminosity proportionalities [5,6]. This shortage is currently attributed to underestimation of masses of low-luminosity gas in circumgalactic (CGM) and especially intergalactic (IGM) media. Spectral signatures of the baryons in these two low-density regions would be indistinguishable from noise in most acquisitions if temperatures are sufficiently hot to ionize hydrogen, the dominant species [7,8,9]. This perceived limitation in observing media emissions underlies proposals of warm–hot intergalactic media (WHIM). However, the mass shortfall has not been resolved, despite exploration of the WHIM hypothesis in two unrelated ways: models of shock heating without collisions (e.g., [10,11,12,13]) and measurements of absorptions (e.g., [1,9,14,15,16]). Moreover, absorptions of Fe and O atoms have been attributed to cold outflows, rather than to WHIM itself [17]. Improving accuracy of the baryon inventory is essential. All mass reservoirs need reappraising for the following reasons:




	
Significant advances in the quality and completeness of observations of diverse galaxies, CGM (e.g., Figure 1 [18]), the Local Group (e.g., [19,20]), and galactic inventories (e.g., [21,22]) have been made since Salucci and Persic [5] estimated the amount of hydrogen inside galaxies.








	
The galactic mass inventory rests on an ambiguous mass–luminosity correlation (Figure 2). The fits underestimate hydrogen (HI) mass for large galaxies from their luminosity. This defect is problematic because large galaxies are thought to disproportionately control the distribution function of baryonic mass used in the inventory [5]. Section 1.1 provides further discussion.



	
Revisiting the inventory of baryons, particularly in the Local Group, is warranted not only by the greatly expanded database, but moreover by recent advances in how mass is deduced from the measured rotation curves (RC = tangential velocity vs. equatorial radius: see Section 1.1). Not only do recent data probe CGM, but a recently developed inverse model further permits addressing the gradation of CGM density into IGM (Section 2.1).



	
Distribution functions of galactic luminosity merit revisiting, due to growth of observational data. Roughly 10 times the luminosity data exist today than in 1999 (e.g., the NED website [26]).






Based on the above, we improve the observational inventory by exploring CGM and IGM masses through their gravitational interactions with the mass concentrated in star-rich, galactic interiors. Section 1.1 summarizes previous and recent approaches to gravitational forces associated with galaxies. Section 1.2 describes the organization of our paper.
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Figure 2. Least-squares fit to the HI mass and luminosity for various galaxies used by Salucci and Persic [5] to determine the baryonic inventory. Squares = compiled data from two studies. Data on spirals from a thesis [27] are greatly scattered, yet these objects control the slope in a least-squares fit, since dwarfs fall near the origin on a linear plot. For dwarf galaxies, star mass was assumed to be nearly equal to the luminosity [28]. The 1:1 correspondence of mass and luminosity for the stellar component (the dotted line) shows that gas is a minor component (<24%) in the models used. Least-squares linear fits with an intercept (fine black line) and without an intercept (red heavy line) are compared to the fit from [5] (tan dotted curve), which poorly describes large galaxies. 
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1.1. Background on Mass Determinations of Galaxies


Gravitational models of galactic dynamics and uncertainties in rotation curves, which are extracted from Doppler shifts, e.g., of the 21 cm HI spectral line [28], were reviewed in [29]. These Doppler “snapshots” document organized, slow, rotational motions about the special axis of these essentially uniaxial bodies. Gravitational stability is implicated, which is not an equilibrium condition.



The 1999 inventory of baryons in galaxies [5] is based on the ~1970s models of galactic dynamics. Concerns with this approach persist, as described below.



Observations of galactic rotation curves increasing outward from the center and then generally flattening [30] motivated proposals that a huge, but unseen, sphere of non-baryonic dark matter (NBDM) surrounds galaxies. Inference of NBDM haloes was contested almost immediately by G. Burbidge [31]. He pointed out that a reasonable mass for the Milky Way galaxy could be obtained without invoking NBDM from data on the orbits of its dwarf satellite galaxies.



Because independent, direct evidence for NBDM remains unavailable [32,33], this popular explanation for RC continues to be questioned. For example, many researchers since the 1980s have attempted to explain RC by altering Newton’s gravitational constant (G), an approach initiated by Milgrom [34,35]. Newtonian explanations of the RC patterns now exist (discussed below). To place this recent work in context, we next cover the NBDM proposal and its limitations in inventorying baryons in the universe.



1.1.1. Analysis of RC through Multiparameter Fitting Models with Halos


The NBDM proposal assumes that the orbits of innumerable, interacting stars in a galaxy should resemble Kepler’s law for the Solar System, which is also flat. However, the Solar System has only eight large, discrete orbiting bodies (the planets) which negligibly interact with each other [36,37], whereas the multitudinous and continuously distributed stars in galaxies are so strongly interdependent that they are effectively grid-locked [38]. Importantly, galaxies have finite thickness and uniaxial or lower symmetry (Figure 1).



Although spiral galaxies have a center of mass, this situation differs from having a dominant central mass. Specifically, ~½ of galactic mass resides outside the radius half-way between the center and the visible edge perceived in images, in contrast to the Solar System where ~99% of the total mass resides in its central Sun. This crucial difference exists because the area of any disc-like shape increases as equatorial radius squared. Existence of a black-hole at the galactic center has a negligible effect on RC; for example, the central black-hole of the Milky Way (4 × 106 Msun [39]) represents only a tiny fraction, ~10−6, of the total galactic mass, since this total mass substantially exceeds the 2 × 1011 Msun sequestered in stars [40].



All analyses calling on NBDM are forward (or direct) models, which are solved by inserting an assumed input (source characteristics) into a standard equation, formula, or program, which returns a result [41] (chapter 1). Models that fit velocities to an assumed mass distribution can only describe galaxies out to the radius of measurements. Problems also exist in the methodology ([29]). Most importantly, any RC can be fit in these forward models by considering that only an NBDM halo exists because a spherical distribution acts as a point mass inside the relevant radius per Newton [42]. Although fitting approaches minimize the NBDM component [43], this does not quantify the baryonic component, since zero baryons is a valid solution for these models, but this solution is demonstrably incorrect.



Because masses of hydrogen atmospheres (CGM) were not obtained through fitting RC data, other models and additional assumptions were made by [5]. Briefly, the mass–luminosity relationship for HI in the 1999 galaxy inventory was obtained by fitting results from models of HI mass for spirals [27] and dwarfs [28] to a function which sums a logarithmic term with two power law terms [5]. Using a log–log plot emphasizes the small galaxies, which have the least reliable RC and contribute little to the galactic inventory. Figure 2 shows that the data are too scattered to justify the complicated fit of [5], but are reasonably depicted by MHI/Msun = 0.23 L/Lsun. The plot on a linear scale shows that any possible representation of the HI data is dwarfed by the 1:1 correspondence between stellar mass and luminosity, which is widely used to represent galaxies. The outskirts of spirals have abundant gas (Figure 1). Hence, the present inventory has significantly underestimated unconsolidated matter near galaxies.




1.1.2. Recent Inverse Models for RC Analysis


Given the non-spherical distribution of stars and gassy surroundings in galaxies (Figure 1), and axial symmetry of the gravitational field inside and outside oblate objects [44], the effects of non-spherically symmetry on galactic dynamics need to be addressed when analyzing rotation curves. Three Newtonian inverse models were recently developed for each of three shapes: the equatorial plane [45,46], the thin disc [47,48,49], and the oblate spheroid [38,50]. In contrast to forward modeling, the inverse approach deduces the nature of a remote source from its consequences (e.g., [41,51]), which is v(r) for galaxies. All three inverse models calculate the baryonic (total) mass constituent from rotation curves using zero fitting parameters. All inverse models show that flattening of v as r increases results from non-spherical baryonic mass distributions, and that NBDM is not needed. Mutual agreement of masses from three mathematically distinct approaches based on three different shapes (Section 2.2.2) calls for revisiting the baryonic inventory.





1.2. Organization of the Present Paper


Section 2 evaluates the baryon inventory in and around galaxies from their dynamics by considering their oblate shapes. We provide density as a function of radius for the luminous interiors, GCM, and IGM, focusing on the Local Group and well-characterized RC for diverse galactic morphologies. Verification and validation are covered. We derive mass–luminosity relationships for the star-rich interiors and the gas-rich surroundings.



Section 3 provides updated statistical distributions of galactic luminosity for the Local Group, the Virgo Cluster, and out to 250 Mpc from the extensive NED database [25]. Trends with distance are explained in terms of probability functions, observational limitations on the detectable galaxy size, and the volume of space accessed.



The results of Section 2 and Section 3 are used in Section 4 to elucidate the distribution of mass and to provide three independent estimates for the density of baryons in the universe. A fourth theoretical approach supports these three estimates. Section 5 discusses uncertainties and reliability of our different approaches and of the critical density. Section 6 concludes with the implications of our findings.





2. Gravitational Assessment of Baryonic Mass and Density in and near Galaxies


2.1. Summary of a Parameter-Free Inverse Model of Differentially Rotating Oblate Sphereoids


Galaxies are differentially spinning objects which have rotation curves resemble those of hurricanes (see figures in [50,52]). Retention of large-scale coherency by gaseous astronomical objects during spin is also obviated by the global behavior of planetary and stellar atmospheres. These gas molecules are part of the organized spin of the star or planet and cannot be treated as each moving independently. Importantly, the theory predicting an oblate shape describes fluid matter (gases or liquids). Although the resistance of solid matter to deformation is neglected in this formulation, solids such as the Earth are also reasonably represented (e.g., [53]).



The organized phenomenon of spin differs from orbital motions because they are governed by different potentials. Thus, the Sun’s spin is unrelated to orbits of its planets, and Earth’s daily spin is independent of its orbit. Specifically, orbits are governed by the potential exterior to the central object, which may or may not be spinning. Axial spin is controlled by the interior potential of the object itself. These two gravitational potentials are mathematically distinct, matching only on the object’s surface (e.g., [40,54,55]). Although the oblate shape applies to galaxies (e.g., Figure 1) as recognized long ago [56], the complex forms for the potential combined with a mathematical error regarding the z dependence of ρ by [57] misdirected efforts to focus on disc-like shapes (see [29,50] for discussion).



For the oblate spheroid shape, both interior and exterior forces are weaker in the vertical than in the horizontal directions, such that the directional difference increases with flattening. Consequently, orbits around an isolated oblate body are only stable if equatorial or polar [44]. This behavior is exhibited by spiral galaxies:




	
Half of Andromeda’s known 27 dwarf satellite galaxies orbit in a plane with a radius of nearly 400 kpc, which is slightly more than halfway to the proximal Milky Way (MW). This plane is tilted ~23° from Andromeda’s equatorial plane [43] and includes the center of the MW. Hence, the additional force from the MW stabilizes these tilted orbits.



	
Dwarf satellite galaxies around the MW occupy polar orbits [58] rather than having the equatorial orientation expected around an isolated oblate spheroid. Hence, the force from larger, nearby Andromeda influences orientations of MW satellite orbits.



	
Rarely, isolated spiral galaxies exhibit polar structures [59] or have outer rings that rotate nearly perpendicularly to the inner discoid [60,61]. In contrast, counter-rotating galaxies are fairly common, whose orientation can be attributed to a tilted ring being pulled to the equatorial plane of the central body.








If an NBDM spherical halo existed, orbits of dwarf satellite galaxies would be randomly oriented, and tilted rings or discs would be common.



2.1.1. Mathematical Construct


The minor (c) and major (a) axes of an oblate define its ellipticity:


  e =    (  1 −    c 2   /   a 2     )     1 2     



(1)







Because each surface of the nested homeoidal shells has the same shape factor e, their vertical (z) and radial (r) positions are related:


   z 2  =  (  1 −  e 2   )   (   a 2  −  r 2   )   



(2)







Equation (2) underlies the reasonableness of representing the motions of stars in a galaxy as tangential velocities (v) that solely depend on equatorial radius. Furthermore, Equation (2) shows why volumetric density (z) depends on (r), along with a and e, which considerably simplifies analyses of RC for a spinning oblate spheroid.



Because RC data depict an average condition at an instant of time, the motions must be modeled as being steady-state, i.e., the galaxy is spinning stably. Stability requires that each homeoid has constant density and is equipotential, as recognized by Newton (see discussion by [62]; p. 87). On this basis, Criss and Hofmeister [38,50] obtained the homeoid potential by differentiating the self-gravitational potential of a spheroid, which is simply the self-gravitational potential of a homogeneous sphere of equivalent volume multiplied by a simple geometrical factor involving ellipticity (e.g., [63]). Applying the Virial Theorem to each of the nested coaxial homeoids, each with radius r, mass m, and angular velocity ω, yields (GMinm/r)arcsin(e)/e = ⅔mr2ω2. Rearranging terms provides the mass inside the homeoid:


   M  i n   ( r ) =  e  arcsin ( e )    2  3 G   r  v  homeoid  2  ( r )  



(3)




where v is the tangential velocity. Because e ranges only from 0 to 1, the geometrical factor arcsin(e)/e ranges only from 1 to π/2 (i.e., 1 to 1.5708). Thus, for any given RC, the mass of even a very flat galaxy can only be lower than that of a sphere by ×0.6366. Calculations of the dynamical mass, which assumes spherical symmetry, omit the additional factor of ×2/3, due to assuming that tangential velocity is that of an orbit (i.e., the exterior potential is assumed).



Differentiating Equation (3) leads to the analytical solution [38,50]:


  ρ ( r ) =  1  6 π G      (    2 v  r    ∂ v   ∂ r   +    v 2     r 2     )   3   e    1 −  e 2    arcsin ( e )   .  



(4)







This approach constitutes an inverse model [40,51] because the input is measured RC and the output is the desired density (or mass). Equation (4) applies to isolated galaxies of all morphological types. No assumptions were made other than Newtonian physics and conservation laws. Equation (4) is analytic and exact, has no free parameters, and allows direct and unambiguous extraction of density and interior mass (Min, by integrating or summing) profiles from RC. Ellipticity is constrained for round galaxies and edge-on spirals. Assuming c/a = 0.1 for spirals with unknown e hardly affects calculations of mass and density, as visually depicted in Figure 3.



Alternatively, a spreadsheet approach is equally valid, and it was used to extract Min(r) from published tables of v(r) using Equation (3) for 51 galaxies [38], including Andromeda (Figure 2). Density is then obtained by differentiating the tabulated Min vs. radius and utilizing the volume for the homeoid, dV = 4πr2dr(c/a).



On a log scale, very little difference exists in Min between the limiting aspect ratios at any given radius, as shown by the gray, blue, and thin black sequence of curves in Figure 3a depicting c/a from 0.01 to 1. Uncertainties in mass thus mainly result from uncertainties in the RC. One source of error lies in the distance to the object; thus, we focus on nearby galaxies where the measurements are direct, rather than being established from redshifts. The remaining, dominant, source of experimental error is the velocities. This can be gauged from three examples. Four studies of Andromeda have v within ~10% of Sofue’s [64] average inside the visible edge and slightly beyond (Figure 3). Three studies of Triangulum (Figure A1) similarly differ. The Milky Way is another large, well-studied spiral (Figure 4). However, our unique view from the inside contributes considerable uncertainty to the velocities at large radii due to our off-center galactic perspective. In contrast, averaging Doppler data for the two halves of galaxies measured from the outside is unambiguous, which smooths and reduces uncertainties. Because all other RC are viewed from the outside, a 10% uncertainty in v is expected, based on Andromeda and Triangulum.



Near the center of the Milky Way, the trend of density with radius is shallow compared the trend further out (Figure 4). A fit below r = 0.1 kpc gives ρ = 6.41 × 10−19 r−1.48 with a residual factor of 0.825 (not shown). Data on Andromeda begin above 0.1 kpc; hence, density can be fit to a single power law (Figure 3).





2.2. Parameter-Free Analysis of 72 Galaxies


Appendix A shows analyzed RC for several galaxies in the Local Group (LG), plus some nearby. A few galaxies from the previous study of 51 objects [38] (e.g., Fornax) were reanalyzed to minimize the effect of scatter in the RC data. Table A1 in the Appendix A summarizes results for all galaxies in the Local Group with RC. Table A1 includes results for 23 galaxies not previously analyzed by [38]. Luminosity and the radius of the visible edge, typically calculated at the 25.0 mag arcsec−2 isophote in the B band, were obtained from the NED database [26]. We used measured galactic aspect ratios if available and assumed c/a = 0.1 for spirals when data were unavailable. Figure 3 and Figure 4 show that this assumption hardly affects the results.



The LG contains many dwarfs. Although elliptical galaxies and other roundish types do not technically have RC, we include these types (Table A1) because many researchers (e.g., [68]) have treated their velocity dispersions as RC.



Two of the 51 galaxies in the previous study are not used here. One is the polar ring galaxy (NGC 4560a), because this is a rare type, and RC data do not reach the visible edge radius. The other is NCG 4254 because RC data are only collected out to 1.9 kpc, which is a small fraction of the visible edge radius of 13.5 kpc.



The combination of Appendix A and [38] provides mass inside any given r, and ρ vs. r from measured velocity v(r) for 44 spirals, 6 ellipticals and lenticulars, 1 compact dwarf elliptical, and 21 dwarf irregulars and spheroidals. Although data on large ellipticals and lenticulars are few and less accurate than RC of spirals, dependence of their mass and density on radius is similar to Min and ρ vs. r for spirals. More data exist in the literature, but some are affected by interactions (e.g., M110 [69]).



Consistency of the results for these 72 galaxies, as shown in the figures below and figures in [38], suggests that additional calculations (or measurements) are not needed to quantify mass in and around galaxies, as well as its gradation to great distance.



2.2.1. Dependence of Mass on Galaxy Size


Mass calculated from Newtonian physics of oblate bodies depends on the radius accessed in RC acquisitions. Figure 5a shows that the maximum mass calculated at the largest radius probed is 2.66× the mass calculated at the radius connected with luminosity measurements. RC measurements sample relatively dense regions to obtain reasonable signal-to-noise ratios and rarely probe the distal atmospheres shown in Figure 1.



An important exception to the trend in Figure 5a is Andromeda (And), which contains a greater mass contribution at large distances than any other galaxy explored. Its large maximum mass results because RC data could be collected at an atypically great distance (500 kpc) for this proximal galaxy (cf. Figure 3 and Figure 5b). Data on the Milky Way (MW) likewise extend to great distances; however, because of our inside view, the visible edge and luminosity cannot be directly determined. Section 2.2.2 determines these parameters for the MW from the trends for spirals, which are then added to Figure 5.



More scatter is seen in the data on dwarfs than large spirals in Figure 5 due to uncertainties in the measurements. Typically, RC data for dwarfs have few points, and velocity dispersions rather than rotation curves are commonly measured. Uncertainty also exists in the aspect ratio of these roundish objects. Nonetheless, dwarf galaxies occupy the same trends as the largest spirals.



Figure 5b shows that total mass within the visible edge goes as edge radius to the power of 2.77. This consistent trend describes object masses covering six orders of magnitude, proving that the same processes affect the interiors of all objects, from tiny dwarf spheroid satellites to immense spiral galaxies. Within uncertainty, the power of 2.77 compares well with the cubic power expected for scaling. Figure 5b also shows that RC studies usual probe a radius ~1.5× the visual edge, which is consistent with the simple dependence of the maximum mass with the mass associated with the visual edge in Figure 5a.




2.2.2. Uncertainties from Comparison to Other Inverse Models and Shape Effects


The inverse models of Feng and Gallo [47,48,49] and Sipols and Pavlovich [45,46], which respectively explore the thin disc and the equatorial plane, bracket mass extracted considering an oblate shape [38]. This is expected, because the cross-section of the disc is a rectangle, which has extra mass in the corners compared to the cross section of an oblate with the same radius or the cross sections of observed shapes (Figure 1), whereas the plane describes the mass from the detectable surface of the galaxy. For NGC 1808, the disc model of Feng [49] gave 2.25 times the oblate mass determination, whereas, for NGC 1808, the equatorial plane model of Sipols and Pavlovich [45,46] gave 0.75 times the oblate mass determination, and demonstrated a strong correlation with surface brightness. The equatorial plane calculation is closer to the oblate results because the equatorial plane model represents the mathematically defined vertical collapse of all the stars which contribute light to the RC.



Based on these comparisons, shapes of galaxies, and the shape factor only varying from 1 to 1.57 (Section 2.1.1), our mass and density determinations for galaxies err by less than a factor of 25%. Importantly, Equation (3) provides the total mass inside the radius explored and offers considerable improvement over the estimated dynamical mass (e.g., [70]), which assumes the outside stars orbit about a spherically distributed mass.




2.2.3. Dependence of Density on Radius and Inclination


An accurate and complete inventory requires ascertaining density within CGM and IGM. Although only RC studies of Andromeda and, to a lesser extent, of the Milky Way probe very distant regions (i.e., IGM), our coherent trends permit extracting density in the rarefied surroundings of any large galaxy.



Simple power laws describe ρ(r) for the 72 galaxies probed (Figure 3 and Figure 4, Appendix A, and [38]), most of which are large. The power is equal to −2 or is slightly larger in magnitude for the best-constrained RC (Table A1 and [38], their Table 4); in other words, the density of gravitational mass decreases outward as an inverse square. This dependence also holds for the small, compact elliptical satellite (M32) of Andromeda [71]. Roundish galaxies have a wide range of power laws, including nearly constant density for tiny objects, such as Sculptor (Figure 6). Scatter decreases as the size of the galaxy increases, which results from the nature of least-squares fits and the fact that more points are generally acquired of large galaxies, particularly those nearby, where data quality is best and studies are several.



Another factor influencing RC extractions from Doppler shifts is the inclination of the galactic plane to the line of sight. Nearly edge-on galaxies show considerable scatter in the power law (Figure 6) in part due to difficultly in processing their Doppler measurements. For this reason and others, inclinations of ~40° to 80° are considered optimal [72]. However, for steep inclinations, data collected at small radii include some contributions from material at larger radii. This makes measurements of tangential velocities slightly lower toward the inside than actual values Density calculations are affected because Equation (4) includes the derivative and velocity squared terms. Hence, the power-law fits are least reliable at high inclinations. Importantly, the largest radii measured (the tip of the oblate) is not affected by tilt, which provides accurate determination of the maximum mass inside (Section 2.2.1, Section 2.2.2, and Section 2.2.5).



The best dataset (on Andromeda, Figure 3) and the only other dataset extending to a very large radius (the Milky Way, Figure 4) give nearly identical fits. The average fit from these figures on large galaxies, using units are kg m−3 and kpc, is generalized to


  ρ ( r ) = 3 ×   10   − 19    r  − 2             



(5)







Equation (5) also reasonably describes the seven other large spirals in our database which have a power near −2.1, and all spirals without high inclinations (inset of Figure 6a). These have an average power of −1.9. This average includes smaller spirals with greater uncertainties in their RC data (Figure 6a). In addition, RC data exist for many large, proximal Messier spirals with luminosity near that of Andromeda, including several in the Virgo Cluster. RC data for eight of these objects (numbers M51, 61, 81, 83, 98, 100, 101, and 106) extend to or beyond the visible edge. For their density fits, the prefactors range from 1.29 × 10−19 to 3.62 × 10−19 kg m−3, and the powers range from −1.74 to −2.42 [38].




2.2.4. Physics Underlying Our ρ(r) Formula


Equation (5) was obtained by applying Equation (4) to measured rotation curves. The basis of Equation (4) is gravitational stability and the Virial Theorem.



Distant from the galactic center, tangential velocities of galactic matter become nearly constant. Thus, in this large region, the ∂v/∂r term in Equation (4) is zero, and the v2/r2 term dominates, making Equation (4) easy to evaluate. Because v is constant, ρ in Equation (4) goes as 1/r2, confirming Equation (5). This integer power is associated with each homeoidal shell at large distance having the same mass. Equation (5) describes a gradual decline in density of a stably rotating galaxy out to infinity, or until the dilute media surrounding the next galaxy is encountered.




2.2.5. Calculated Density at the Visible Edge and of CGM and IGM


Figure 6b, Appendix A figures, and those in [38] point to a rather consistent density of 10−21 kg m−3 at the visible edge. Dwarfs are overall less dense, as compaction under self-gravitation is lower for smaller masses. Independence of this edge density from distance or galaxy size is attributed to luminosity values being associated with a certain density [29]. From averaging the various datasets in Figure 4 and ρ = 10−21 kg m3, redge = 15 kpc for the Milky Way, which gives mass at the edge of 7.5 × 1010 Msun.



The visible edge is not the terminus of a galaxy. Figure 6b shows that calculated densities towards the outskirts of large spirals are as low as 2 × 10−24 kg m−3. Similar values describe the midpoint between Andromeda and the MW, and the lowest densities for the dwarf spheroids. A range of CGM from 10−22 to 10−24 kg m−3 is suggested by satellites of MW (Leo I, Sculptor, the Magellanic clouds) and Andromeda’s closest satellite (M32). On this basis, CGM of other large spirals extends to 10−24 kg m−3.



Figure 6b furthermore suggests that IGM begins at ρ = 10−24 kg m−3. This value describes hydrogen gas ~500 kpc from Andromeda and the Milky Way, where the RC data become erratic (Figure 3 and Figure 4). Equation (5) can be extrapolated to infer ρ at even larger distances from the galactic center.




2.2.6. Validation via Comparison with Direct, Independent Measurements of Baryon Densities


Our values for interior densities compare closely with independently measured baryon density in all appropriate astronomical environments (Table 1). First, our calculated ρ for the average galactic visible edge agrees with independent density estimates of interstellar media (ISM) [73]. Our slightly larger density for the solar neighborhood (Table 1) is consistent with this region being closer to MW center and the data [74,75].



Second, our finding that central densities increase with galaxy size is consistent with behavior exhibited by other self-gravitating entities. Examples are the rocky Earth and our hydrogen-rich Sun.



Third, CGM terminates when density reaches 10−24 kg m−3. This value matches the largest density from the absorption measurements of [76]



Fourth, as summarized in Table 1, applying Equation (5) to the large distance of the Sculptor Wall provides a lower baryon density than the independent observations of [76,77]. Thus, extrapolation of RC data (Figure 3, Figure 4 and Figure 6b) via Equation (5) underestimates the IGM contribution to the baryon inventory. This is discussed further below.



Table 1 verifies that our inverse model provides density of baryons inside and around galaxies with no free parameters. This agreement would not exist if NBDM halos were present. Far from galaxies, our model provides lower density than measurements.




2.2.7. Dependence of Mass, including CGM, on Luminosity


The relationship of mass to luminosity is affected by sampling limitations. The maximum radius sampled during RC measurements differs from the effective radius relevant to magnitude measurements. This difference affects the inferred mass–luminosity proportionality. Figure 7a compares the mass computed from RC data using our inverse model to the luminosity for two cases. One comparison is made at the radius associate with visible light images (typically the 25.0 mag arcsec−2 isophote) and another comparison is made at the largest radius attained in the Doppler studies. For both the complete set of galaxies and for spirals only, the trend for the maximum mass observed has a slope that is ~2.4× the trend for mass obtained from velocity at the visible edge (Figure 7a). This consistency partially results from the statistical correlation of maximum radius to the visible edge r (Figure 5b).



Only RC data for Andromeda are both accurate and include the vast CGM associated with the strong gravitational field of a large spiral. This complete coverage (Table A1; Figure 3 and Figure 7b) provides the dependence of mass residing in the interior plus that of the baryons in CGM on the measured visible luminosity as


     M  t o t a l      M  s u n     = 40    L   L  s u n           for   a   large ,   ~ isolated   galaxy   and   its   CGM   



(6)







A factor of 2.4 describes matter within the visible edge for all galaxies (Figure 7), suggesting that L/Lsun = 3.1 × 1010 for the Milky Way, were this object viewed from the outside. However, the mass–luminosity ratio for the visible edges of Andromeda and Triangulum suggests L/Lsun = 1.7 × 1010. We use the latter value for the Milky Way (Table A1), assuming that its neighbors represent the composition (gas vs. stars) of the MW.



Equation (6) represents galaxies that are isolated or are sufficiently separated that their dwarf satellites have distinct orbits about a central body. The separation is ~765 kpc between Andromeda and the MW. Equation (6) is a consequence of the power law dependence of density on radius (Equation (5)) and that CGM extends to many times the visible edge. The great extent of hydrogen gas surrounding the star-rich interiors of spirals, as documented by images (Figure 1), significantly contributes to the baryonic mass of the universe, but was greatly underestimated in the 1999 mass inventory (see Figure 2).



Dwarfs orbiting a large galaxy are bathed in the CGM of the central object. Based on the fit of Figure 7b,


     M  t o t a l      M  s u n     = 5    L   L  s u n           for   satellites   or   closely   spaced   galaxies   



(7)







Equation (7) holds for the typical radius of RC acquisition for these satellites and describes the combination of stars and gas within the fairly dense region that coherently rotates (spins) about the center.



Utility of the trend is illustrated by Andromeda’s satellite M110 (NCG 205) which was not included in Appendix A Table A1 because its velocities are affected by interactions [69]. M110 has an E5(pec) morphology; thus, velocity dispersions were measured, and these were lop-sided. The largest velocity difference from its center of Δv = 52 km s−1, which was measured at r = 2.6 kpc, gives M/Msun = 9 × 108 near the visible edge. This estimate is compatible with the luminosity–mass trends in Figure 7.




2.2.8. Large, Very Distant Galaxies Behave in the Same Manner as Small, Close Galaxies


Ogle et al. [22] obtained RC data for several large and distant galaxies. However, their report provides one rotation curve only. Because 2MFGC 12344 was orientated edge-on, which alters v(r) from intrinsic values (Section 2.2.3), we did not extract Min as a function of radius.



Many of the other galaxies probed by [22] are nearly edge-on. Their tables give the largest velocities and the radius where these were measured, which are rarely as large as the visible edge. Due to these limitations, Equation (3) was used only to provide mass within the specified radius. Figure 8 distinguishes the masses for objects where velocity was obtained close to the visual edge and for an inclination below 80°. The fit to this subset of six galaxies has the same proportionality as the fits in Figure 7a,b for the visible edge mass, within their respective uncertainties.



Although scatter is significant in Figure 8, the close resemblance of these trends to those for smaller spirals located within 80 Mpc (Table 3 in [38]) shows that the results of Section 2.2.1, Section 2.2.2, Section 2.2.3, Section 2.2.4, Section 2.2.5, Section 2.2.6 can be applied to the available data on galactic luminosity and size.






3. Galactic Luminosity Data


For consistent comparisons, luminosity was downloaded from the NED database [26]. Results for very large and very low luminosity were confirmed by manually entering the galaxy identifier. We found few changes from the 2017 download to our 2023 cross-check. Our histograms are similar to previous studies. We diverge from previous work by focusing on how distance affects the minimum luminosity that can be measured.



3.1. Luminosity of Galaxies in the Local Group


Fully 97% of the luminosity of the local group rests in its five largest spirals: Andromeda, MW, IC10, Triangulum, and the Large Magellanic Cloud (LMC). Figure 9a further shows that 99.7% of the luminosity is derived from this group plus 10 additional objects, which include three satellites of Andromeda, and the Small Magellanic Cloud (SMC) of MW.



Histograms of 77 objects in the LG suggest a log-normal distribution, which arises when normal, Gaussian distributions describe subtypes (e.g., tiny dwarfs vs. modest spirals vs. giants). However, luminosities of 49 additional objects in the LG [20] are not reported in NED. Of these, 8 objects are distant from the MW, 5 are satellites of Andromeda, and the remaining 35 orbit the MW. Due to their small sizes, these 49 objects should contribute inconsequentially to the total luminosity of the LG.



However, of the documented 77 objects in the LG, Andromeda’s satellites occupy a narrower range of L/Lsun than those orbiting the Milky Way (Figure 9a), which suggests that the survey of Andromeda’s satellites is incomplete. If Triangulum orbits Andromeda (currently debated), then the upper limits of satellite ranges are consistent with relative sizes of the central spirals. Comparing the lower limits indicates that Andromeda has more tiny satellites than are currently known. As distance increases, the minimum detectable luminosity must increase. Although small objects contribute negligibly to the total mass of a galactic group, Andromeda could occlude some significant objects with L/Lsun up to 108, similar to its close satellites M32 and NGC 147 (Table A1), which could slightly affect the statistics shown. Possible effects of the detection limit on the mass inventory are covered in Section 4.




3.2. Luminosity of Galaxies in the Virgo Cluster with Comparison to the Local Group


The Virgo Group (VG) contains more than ~1000 galaxies, but most of these are dwarfs for which membership is debated and luminosities are low. The 2023 NED database [26] was interrogated for the 160 largest and most luminous Virgo Cluster (VC) members [78]. The distance to VC members ranges from 14.5 to 18 Mpc; thus, galaxies outside this range, within the uncertainties of measurement, were culled. The number of remaining objects (98) is sufficiently large that incorrect inclusions (or exclusions) have a negligible effect on the total luminosity of the VC (Figure 10). This is true because membership of the largest galaxies (e.g., Messier’s spirals) is well established. Of course, the average luminosity of a group member depends on the number of objects included in the average.



Sequentially summing the value for each bin times the number in each bin of a probability distribution function (PDF: Figure 9a and Figure 10a) yields the corresponding cumulative distribution function (CDF: Figure 10b). At low luminosity, the CDFs follow the expected flat pattern for a log-normal distribution, but the expected flat trend at high luminosity is not observed (Figure 10b). When the total number of galaxies is small, large galaxies are few; hence, each large object exerts a strong influence on the sum.



For comparison, the 1984 estimate of the total VC luminosity is 1.4 × 1012 L/Lsun [79]. This value is about ½ of ours (Figure 10, inset) because it represents the surface of the cluster facing the observer, whereas summing the luminosities of each galaxy better represents the interior. Summation is appropriate for inferring total mass.




3.3. Luminosity of Near and Far Galaxies


The NED database categorizes galaxies by morphology. We downloaded all data in five categories: ellipticals, lenticulars, plus SA, SAB, and SB spiral classes, which were combined in some of our graphics. Small clusters of galaxies were culled. For the ellipticals, types E/S0 were kept, but S0/E were culled. The converse was applied to the lenticular database to minimize overlap. Galaxies with distances greater than 250 Mpc are not included in the histograms of luminosity, but are investigated in Section 3.4.



3.3.1. Distribution Functions for Redshift-Independent Distances


For the redshift-independent distances, the morphological classes differ in number of objects by over a factor of two, yet their histograms cover similar ranges of L/Lsun (Figure 11a–c). The smooth curves indicate that statistical significance was achieved. The shapes of these PDFs signify log-normal distributions, which is obviated by the CDFs for the combined morphologies (Figure 11d).



The smoothest distribution is observed for the most populated morphology (lenticulars). Low luminosities slightly depart from the log-normal distribution, which is attributable to limitations in observing tiny, dim objects. Low L/Lsun values are slightly more populated in the spiral class, which may be due to nearby objects exhibiting diverse appearance in their beautiful images, and to interest in measuring their rotation curves. Greater asymmetry of the PDF for spirals is attributed to tilt because the average spiral is inclined by 45° to the line of observation, which reduces detectable luminosity. Section 3.4 provides further discussion.



The histograms are sufficiently similar that results for the different morphologies will be summed in computing the inventory (Section 4). Furthermore, PDFs of the Local Group (Figure 9) and Virgo Cluster (Figure 10) resemble those obtained over the larger volume within 25 to 30 Mpc (Figure 11), suggesting that all these databases are reasonable approximations to baryonic mass distributions in the universe. Effects of the number of objects, distances, and volumes probed are discussed further below.




3.3.2. Distribution Functions at Larger Distances


For the assemblage of objects within 250 Mpc, PDFs (Figure A11) for the three morphological classes are similar to PDFs for nearby galaxies (Figure 11). A similar appearance also holds for the individual spiral classes, which are distinguished in Figure A11c. PDFs at 50 and 100 Mpc (not shown) are intermediate to those of close (Figure 11) and distant (Figure A11) galaxies.



Figure 12 explores possible morphology effects up to 250 Mpc. The shape of the CDF for ellipticals is less regular than that of lenticulars and spirals. Nonetheless, all morphologies show that ~ ½ the luminosity within 250 Mpc is contained in objects within ~1 to 2 times L/Lsun of Andromeda. Roughly 80% of galactic luminosity is stored in objects with L/Lsun < 8 × 1011. In these three distributions describing a plethora of galaxies, much luminosity is stored in objects best described as near the middle of the range. Our results show that large objects are very important, but do not support the contention of [5] that they control the total.



Importantly, all PDFs and CDFs (here and earlier) omit small galaxies; thus, this commonality is not the source of the different conclusions regarding distribution of luminosity (or mass). Rather, the database with ~1100 members used in the previous inventory was insufficiently large to provide an accurate statistical representation. This is evident in comparing Figure 11, Figure 12, and Figure A11 to Figure 9 and Figure 10 for the densely packed Virgo Cluster and tiny Local Group, which dataset is effectively complete.



The CDFs show that the numerous tiny galaxies contribute little to total luminosity, as recognized above and by [5], which is helpful, as such objects are largely not detectable. However, the average luminosity is affected by distance and number observed, which we probe in detail below.





3.4. Effect of Distance on Galactic Distribution Functions


3.4.1. Dependence of Luminosity of the Objects on Hubble Distance


As distance (d) increases, the luminosity and, thus, mass of the galaxies appear to increase (Figure 13). This behavior is not an intrinsic property of the universe, but results from the combined effects of (1) resolution, (2) statistical behavior, and (3) the dependence of the volume sampled on the distance probed, as outlined below.



Resolution limits observing dim objects. Galaxies behave similarly to stars, whereby both effectively become point sources at some large distance. Furthermore, due to scattering of light, which particularly affects the visible region, a minimum luminosity for detection exists. As distance increases, fewer “small” galaxies are observed because both the resolution and the cutoff are fixed by instrumental parameters, whereas the angle subtended by any given size galaxy decreases as 1/d2. This is evident in the cutoff for low luminosity in Figure 13 going as distance squared, and trails where sampling is dense describing parallel trends.



Outliers at low L/Lsun are explained by orientation and shape affecting detection. Spirals are flat; hence, the area viewed depends on orientation. Face-on spirals can, thus, be viewed at greater distance than those with a finite tilt (~45° on average) and edge-on spirals, which present little area. The four spirals (out of 1620) with unusually low luminosity all present face-on, with detectable, star-rich arms, thereby providing confirmation.



Shape also affects what can be observed at large d. Lenticulars are slightly affected by tilt. Due to the link of resolution to shape, ellipticals are observed at slightly greater distances than lenticulars, and both can be observed at substantially greater distance than spirals (Figure 13).



Regarding high L/Lsun, the upper limit concerns sparsely populated tails of the PDFs (Figure 11 and Figure A11) and morphological differences. Figure A11 (large distance) shows that ellipticals have higher L/Lsun than lenticulars, and that both are much more luminous than spirals, whereas close in the difference is small (Figure 11). The eight most luminous galaxies in the Virgo Cluster are ellipticals, and its next six most luminous galaxies consist of two ellipticals, two face-on spirals, and two tilted spirals. If the three labeled galaxies (out of 6811) in Figure 13 are neglected due to statistical insignificance, the uppermost trend, defined by the VC and the densely populated trails ending near 250 Mpc, is flat. This trend is largely defined by the ellipticals, but spirals (black solid line) and lenticulars (not shown) behave similarly. Flat upper limits arise as described below.



As distance increases, a greater volume of the universe is sampled. The increment in distance is a radial increment; hence, the volume of the shells goes as (4/3)πd2Δd. From Equation (5), mass density goes as 1/d2 from a galaxy center, which also holds for a collection of galaxies of similar size in any given volume. Luminous density should behave the same; thus, the maximum luminosity(excluding 3 labelled outliers) is nearly constant. The slight increase in the maximum may be real, but may also be statistical, because samplings at high luminosity are sporadic (Figure 9, Figure 10, Figure 11 and Figure A11).



Average luminosity for all three types increasing with d (Figure 13) is connected with the observation of fewer small galaxies. To further understand this trend, we probe changes in the detected number of galaxies with distance.




3.4.2. Dependence of the Number of Galaxies Observed on Distance


The number galaxies first increases with Hubble distance and then decreases (Figure 14). The number of galaxies is greater than in Figure 13 because Figure 14 includes galaxies for which luminosity was not reported in the visible in the NED database [26].



The increase in object number with d near the origin is largely caused by the expected increase of the volume of space that is sampled. The contrasting decrease in number with d at large d is caused by resolution effects combined with the minimum luminosity required for detection. Trade-offs produce the flat tops for the distributions of both ellipticals and lenticulars (Figure 14a,b). Spirals lack a flat top (Figure 14c). Their number is more strongly attenuated with distance due to tilt affecting the area presented. The total number of objects (Figure 14d) linearly decreases with d over most of the range due to resolution effects dominating and sub-equal numbers of the three morphologies. Consequently, average luminosity increasing with distance (Figure 13) is due to the increase in the number of “missing” small galaxies. Thus, the PDFs change with distance. However, the shape should still be log-normal at any given distance, due to the log-normal distribution being the sum of normal distributions.



Results for the changes in population with distance (Table 2) show that mean galactic luminosity is rather constant, 2.6 × 1010 L/Lsun, within uncertainty. The variations in L/Lsun in Table 2 are largely due to resolution effects and morphological differences.






4. Gravitationally Derived Estimates of Baryonic Mass in the Universe


This section provides several new, direct estimates of density of baryons in the universe. First, the results of Section 2 on mass in, around, and between galaxies are combined with results in Section 3 on the distribution of galaxies in space. Next, three additional independent estimates of ρ are presented that utilize previous work.



4.1. The Local and Nearby Universe


4.1.1. Concept of a Representative Galaxy


If the number of galaxies in a group is small, the largest members are few but dominate the total luminosity, thus governing the total mass. This situation describes groups with up to ~1000 galaxies, i.e., the LG and VC. For large volumes of space, Andromeda-sized galaxies (or slightly larger) reasonably represent the mean galaxy, if observational limitations are considered in evaluating the PDFs and CDFs of Figure 9, Figure 10, Figure 11, Figure 12 and Figure A11. The statistically significant collections of nearby galaxies, i.e., within 25 to 30 Mpc, which are not greatly affected by the detection minima, clearly have log-normal distributions (Figure 11). These show that 2.63 × 1010 L/Lsun describes representative galaxies in the local Universe (Table 2). This average and all other values for L/Lsun in Table 2 are similar to Andromeda’s luminosity (3.19 × 1010 L/Lsun).



Hence, Equations (5) to (7), based on Andromeda’s RC, are used below to assess baryonic density and mass in and around a representative galaxy in the nearby universe. This approach is reasonable because (1) Andromeda is the best-studied object, (2) RC analyses for large spirals in the VC (Section 2.2.3) yielded similar formulae for objects occupying the larger range of 1.8 × 1010 to 4.5 × 1010 L/Lsun [38], and (3) given observational data (Table 1) especially on IGM [76,77], this approach sets a lower limit on the mass and density of baryons in the present-day universe.




4.1.2. Density and Number in the Volume Surrounding a Representative Galaxy


Equation (5) depicts gradation of gas from a representative galaxy first into the immediate surroundings, forming an atmosphere (CGM), and then to great distance, until the next galaxy is encountered, composing IGM. The density of the IGM in surroundings so computed depends on galaxy separation, which defines the volume of IGM associated with each representative galaxy, as illustrated in Figure 15a.



Considering spherical volumes for the galaxy and its surrounding media and close packing, the radius depicting the surroundings of a representative galaxy is


   r  representative   =    r  region        N  large    3     



(8)




where Nlarge is the number of large galaxies in the region with radius rregion: Nlarge is not the total number, because small galaxies fit into the holes between large galaxies (Figure 15a). For simplicity, Equation (8) assumes equal sizes. Small galaxies hidden among large (Figure 15a) is analogous to the geometrical relations in crystal structures that are composed of small cations and large anions (e.g., Si4+ is tetrahedrally coordinated in silicate minerals because it is tiny and fits in the central hole defined by four large O2−).



From Equation (5) for Andromeda and the MW, including their CGM and IGM,


     ρ  average   = 3  b   r  representative  2       where    b = 3 ×   10   − 19      kg   kpc   2     / m   3     



(9)







The total mass within rrepresentative is


   M  total   = 4 π b  r  representative    



(10)







Equation (10) differs from the dependence of mass on r3 expected for constant ρ because density depends on r in Equation (5) and on rrepresentative in Equation (9). Both Equations (5) and (9) describe a limited size range of galaxies, those within ~1–2 times Andromeda’s luminosity or mass (see Appendix A and [38]).



Because constant density is observed at the visible edge, we propose the following modification when the representative galaxy is unlike Andromeda:


   ρ  average   = 3  b   r  representative     2         (     r  edge      r  edgeAnd      )   2   ;   i   . e   . ,     ρ  average   = 3  b   r  representative     2     (     L  representative      L  Andromeda      )   



(11)







Integrating the left-hand side of Equation (11) from rrepresentative = 0 to redge provides the total mass within the visible area, which result is proportional to redge3. This prediction is nearly met in Figure 5b.



The radius ratio being squared in Equation (11) is a consequence of luminosity being related to area, and that the detection of light requires a minimum density, demonstrated by our inverse model of RC as being 10−21 kg m−3 (Figure A1, Figure A2, Figure A3, Figure A4, Figure A5, Figure A6, Figure A7, Figure A8 and Figure A9). The RHS of Equation (11) is useful and is supported by plotting data tabulated in the Appendix A and by [38]. This trend (not shown) and that in Figure 5b cover many orders of magnitude, suggesting that using Equation (11) to extrapolate to representative galaxies larger than Andromeda is reasonable. Yet, this correction is small, i.e., a factor of 1.4 for the 250 Mpc volume. Table 3 lists ρaverage for the various regions, as shown in Figure 15b.



Importantly, Equations (8) to (11) represent the contribution of a single isolated galaxy to the baryonic mass (IGM, CGM, interior gas, and stars) inside the representative volume. Considering isolated galaxies is reasonable because Andromeda and the MW are closer together than rrepresentative yet have RC similar to isolated galaxies probed in [38]. These computations provide a minimum ρ for several reasons:




	
Neglecting mass concentrations within 1 kpc of galactic centers (and possible central blackholes) would provide a small addition.



	
IGM is underestimated from Equation (5), given the results from [76,77] in Table 1. Furthermore, IGM between neighboring galaxies will blend, giving somewhat higher ρaverage than computed, but blending is difficult to quantify.



	
In contrast, the potentially significant contributions of the smaller galaxies within rrepresentative can be ascertained from the PDFs and CDFs (Section 4.1.2).



	
More importantly, rrepresentative from Equation (8) is overestimated, as this depends on the number observed, which is strongly attenuated as distance increases beyond ~30 Mpc. This is the main reason that ρaverage in Table 3 for large distances is underestimated.








The actual values of rrepresentative as a function of distance are difficult to estimate due to undetected galaxies. Most likely, the space enclosing a representative galaxy at great distance has rrepresentative = 1 to 1.5 Mpc as deduced for galaxies with redshift-independent distances (within ~30 Mpc) and supported by radii of the LG and VC. Consequently, our best estimate for the baryonic density in the present-day universe is 6.2 × 10−25 kg m−3 from the LG.




4.1.3. Effect of Small Galaxies and Count on the Average Mass Density


The various regions must be considered individually in accounting for small galaxies. Thus, entries in the right most column of Table 3 are discussed from the top to bottom rows.



The small galaxy contribution is ascertained from the PDFs and CDFs. This additional mass is divided by the volume enclosing the representative galaxy. Because the same volumes as in Equation (9) are considered, densities sum.



The Local Group mass is well constrained (Figure 9b). If MW and Andromeda are both considered as representative, then Equation (9) suffices. If only Andromeda is considered as representative (it has ~4× the mass of the MW), then mathematically dispersing the MW is appropriate, but no further corrections are needed, because the remaining summed mass is tiny. The two approaches agree (Table 3, Figure 15b).



The Virgo Cluster has 4 huge ellipticals, in addition to 21 (mostly) spirals with L similar to Andromeda (Figure 10a). Equation (9) underestimates density, possibly substantially. The best estimate from Equation (9) is ρaverage = 5 × 10−24 which counts all galaxies with L > 1010 Lsun. This case accounts for smaller galaxies since those similar to the Milky Way are counted. Similar values are obtained by considering larger mass contributions of the four ellipticals (Table 3). The high density of the Virgo Cluster is unlikely to represent ρ of baryons in the universe, but this exercise confirms that accounting for galaxies similar in mass to the MW is needed for an accurate inventory.



For the larger regions explored using the NED database, resolution limitations reduce the detectable number of galaxies with luminosity similar to that of the MW. Resolution, thus, influences determination of Nlarge and of the volume associated with a representative galaxy.



Within 50 Mpc, spiral galaxies dominate the database, yet spirals are a small fraction of those detected beyond 100 Mpc (Figure 13 and Figure 14d). From the mid-point in the CDF, roughly half of the mass inside rrepresentative is not accounted for. Because Equation (9) is based on the average galaxy for the large volumes, we doubled the average densities from Equation (9) for distances of 30 and 50 Mpc to account for galaxies with sizes similar to the MW (Table 3, Figure 15b).



For galaxies up to the distance of 250 Mpc (Figure 12), the average galaxy has a luminosity 1.3× greater than Andromeda. Within 100 Mpc, this factor is lower (~1.15×); thus, Equation (9)’s contribution is increased by these factors (Figure 15b), along with the adjustment for “missing” galaxies. The estimated ρ (Table 3, rightmost column) at 100 Mpc is still low, but is included in the fit in Figure 15b to gauge uncertainties. From Figure 14, the distance 250 Mpc is severely impacted by “missing” galaxies; hence, the associated estimate in Table 3 is used for comparison only.



Table 4 compares the accurate value for the LG to that of the larger volume described by galaxies with distances measured independent of redshifts, up to 30 Mpc. These agree, within uncertainties.




4.1.4. Baryon Inventory with and without IGM


Although our calculations set a minimum on baryon density (Section 2.2.6 and Section 4.1.2), our values are much larger than previous estimates (Section 1). Because our calculation of the mass of galaxies and their atmospheres (GCM) from their organized rotational motions (Section 2) is the most robust part of our inventory, we now isolate this contribution, as described in the footnote to Table 4, and we list the baryonic density inferred from the stable rotations of galaxies in the rightmost column in Table 4.



Regarding the Local Group, Andromeda and the Milky Way carry virtually all the galactic mass, but this contribution is small compared to the IGM. Larger regions behave likewise. Although IGM is rarified (Equation (5); Table 1), these regions within the representative volume are vast and, thus, store much of the local universe’s baryons.



In addition, models indicate that unconsolidated gas exists as filaments surrounding galaxy clusters and superclusters [85]. Their contribution is not included in Table 4 because it cannot be quantified on the basis of existing observations. Again, we provide the minimum baryon density for the local universe from galactic dynamics.





4.2. Extrapolation of Trends to 1000 Mpc


The trends for resolution, average luminosity, and maximum luminosity (excluding the outliers, which have AGN) in Figure 13 all coalesce near 1000 Mpc to a value of 3 × 1011 L/Lsun. This same value describes measurements near 1000 Mpc (Figure 8).



The number of detected galaxies depends linearly on the regional radius (not shown) yielding 38,400 and an associated rrepresentative = 30 Mpc inside ~1000 Mpc. At great distance, only very large galaxies are seen sporadically, which greatly affects evaluations.



From CDFs (Figure 12), these giant galaxies represent 2% of the detectable luminosity and, thus, ~2% of the detectable mass. The remaining 98% is derived on average by Andromeda-sized galaxies. Thus, Equation (9) provides a reasonable first approximation. From Figure 12, ~100 large galaxies are contained in a volume with radius of 33 Mpc; hence, rrepresentative within 1000 Mpc is actually below 7 Mpc, yielding ρaverage = 1.8 × 10−26 kg m−3 (Table 3).



The average observed galaxy near 1000 Mpc appears to be 10× more luminous than Andromeda; thus, the average density should be larger, 1.8 × 10−25 kg m−3, given Equation (11). This 10× increase (Table 4) is minimal because a very large number of galaxies with L~109 to 1010 Lsun exist within 7 Mpc of a representative galaxy, but were not accounted for. Again, as distance increases, the minimum size of detection increases while the volume sampled increases; thus, only the high-end PDFs are sampled.



The trend of ρ with distance is consistent (Table 3). However, given the many missing galaxies at great distance, density deduced within 1000 Mpc by extrapolation is greatly underestimated and uncertain; thus, it is not reported in Table 4.




4.3. Galaxy Count Estimates for the Universe


Conselice et al. [80], using an evolutionary model, deduced that 2 × 1012 galaxies are present within a distance corresponding to redshift of 8, a result that yields a small value for rrepresentative (Table 3). To utilize their count, we need to estimate M or L of their average galaxy. The average was not specified in [80], as the models used for the distribution function of galaxies at various z values incorporate evolutionary models for the size of galaxies. Applying a mass distribution function to the Hubble ultradeep field image gave N = 2.5 × 1011, which, within uncertainties of the models, agrees with previous efforts and their evolutionary calculation [80].



A range of average sizes can be deduced from information in [80]. Star masses in the galaxies were considered to range from 106 to 1012 Msun, with a characteristic mass occupying the narrower range of (0.2 to 4) × 1011 Msun. The ratio M/Msun = L/Lsun was assumed, which neglects gas probed in RC measurements and CGM. From Figure 7a, the span of characteristic star masses used in [80] corresponds to visible edge (gas and star) masses of (0.5 to 8.6) × 1011 Msun. Because Equation (9) holds for visible edge masses within a factor of 2 for Andromeda, i.e., from (0.7 to 1.4) × 1011 Msun, this equation to a first approximation applies to the count in [80], yielding a high density (Table 3).



As discussed above, separation of galaxies is crucial in determining ρ. For an alternative estimate, we consider Figure 9 and Figure 10, which show that the number of galaxies between ~106 and 1010 Msun (visible edge values) in the LG and VC range from ~10 to 30 times the number of large galaxies. Using 1010 Lsun as the division points to 20:1 describing the ratio for the number of small to the number of large galaxies in the estimate of [80]. Thus, Nlarge reduced to ~1011 should be used in Equation (8). This yields larger rrepresentative of 2 Mpc, which is similar to that of the nearby universe and sets a lower limit on density (Table 3 and Table 4).




4.4. Calculation of Universe Mass and Density from an Energy Balance


As pointed out by Criss and Hofmeister [86], the energy binding a test particle to the universe of mass MU, which is its gravitational potential energy, must be equal to the energy associated with its rest mass m0. It follows that


    G  M U   m 0     r U    =  m 0   c 2   



(12)




where rU is the effective radius of the universe. Furthermore, rU = c/H, where H is Hubble’s constant, currently taken as 2.3 × 10−18 s−1. Its inverse is the age of the universe in an expansionary model. Combining the above simplifies Equation (12) to


   M U  =    c 3    G H   = 1.8 ×  10 53  kg  



(13)




Interestingly, this mass approximates an Avogadro’s number of Suns.



The average density of a gravitational mass requires a volume, which we assume is spherical. The speed of light sets rU for the current assessment of a 13.8 billion year age of the universe. Combining the above gives


  ρ =   3  H 2    4 π G      or     H 2  =  4 3  π ρ G  



(14)




and provides ρ of about 2 × 10−26 kg m−3 (Table 4).



Density computed from our energy balance depicts containment of all the universe’s gravitating mass in a spherical volume. However, our value (Table 4) clearly depends on the value of the Hubble constant, which in turn depends on cosmological models that describe an expanding universe.




4.5. Estimates of Critical Density


Critical density can be estimated in several ways.



Equation (14) offers one evaluation of the escape velocity of the Universe, because conversion of the test particle to light permits it to escape the self-gravitating universe from a classical perspective.



If instead, the test particle is considered to attain light speed, escape velocity is reduced from that of Equation (12) by a factor of 2. Using ½moc2 to estimate critical density matches the expansionary calculation (Table 4), which in essence assumes that the edge of the universe is expanding at light speed. The match occurs also because both approaches utilize rU = c/H.



All three estimates interpret redshifts as Doppler shifts. If the Zwicky’s alternative interpretation of tired light is correct, then a different approach is needed to estimate rU, but is beyond the scope of this report.





5. Discussion


5.1. Uncertainties in Our Estimates


5.1.1. Calculations Based on Rotation Curves and the NED Database


Equation (9) is based on rotation curves of Andromeda accurately representing its dynamics. This fit (Figure 3) describes r > 1 kpc, where extraction of tangential velocities is most accurate [29] and is supported by analysis of a wide variety of galaxy types and sizes [38] (see Figure 3, Figure 4 and Figure A1, Figure A2, Figure A3, Figure A4, Figure A5, Figure A6, Figure A7, Figure A8 and Figure A9). Uncertainties in ρ from using Equation (9), or as modified in Equation (11), are negligible compared to those arising from estimating the number of galaxies, which are minima because resolution changing with distance reduces the count, affecting spirals more than the lenticular and elliptical morphologies.



As shown here and previously, small galaxies accompanying those much larger in an assembly hardly affect the total mass in any given volume. Hence, our not counting those with <109 Lsun has a negligible effect. Figure 15a corroborates that N must be based on large galaxies. Figure 13 and Figure 14 show that the population of medium sizes, first those with 109 Lsun, and then those with 1010 Lsun, decreases with distance. The count by 50 Mpc is impacted, and reduction in MW-sized galaxies is significant by 100 Mpc. Hence, densities are increasingly underestimated as distance of the observations increases. Due to the systematic nature of this error (Figure 13 and Figure 14; Table 3), considering the nearby universe is required for accuracy, yielding our best constrained density of 6.2 × 10−25 kg m−3 for the LG, which is bracketed by our estimates at ~30 and 50 Mpc (Table 4).



Regarding use of the NED database, our PDFs and CDFs resemble those for galaxies used by Schecter [86], whose 1976 formulation underlies much work, including the 2016 large redshift galactic count [80].



Our distribution functions differ somewhat from those used by Salucci and Persic [5] in their inventory. In part, their number of galaxies is under the count of ~2000 needed for robust statistical analysis. A larger number of galaxies follow log-normal distribution functions (Figure 11), which underlies our construction and results.




5.1.2. Calculation Based on Models of Galaxy Count


Recent evaluation of the number of galaxies in the universe up to what can be observed [80] involves models for the distribution of galaxies and their evolution with time. Accurate counting depends on assumptions underlying the assumed mass functions. Mass functions used by [80] (their Figure 1) depict log(r−3 mag−1) as proportional to log(Mstar). Due to the properties of logarithms, specifically that log(X) requires that X is dimensionless, their graphs actually depict log(M−2) vs. log(M), where the constants are lumped.



	
The curves shown in [80] are consistent with the parabolic form implied by the above dimensional analysis, but their shape is unrelated to any dependence of M on distance.






The difficulty with all such models is that fits of any physical measure of a galaxy cannot be accurately determined at great distance without addressing resolution effects. Thus, N of [80] is model-dependent and affected by resolution. We attempted to address the resolution. Our estimate of Nlarge for the larger galaxies using their model underestimates ρ, while reported N [80] overestimates ρ of the universe (Table 4). If instead their alternate value from Hubble of N = 2.5 × 1011 is considered, the implied density would be ~½ the Universe count in Table 4, which remains compatible with our values.




5.1.3. Energy Balance Calculation and Critical Densities


Uncertainty in the Hubble constant (or equivalently in the age of the Universe) controls the numerical results of Equations (13) and (14). Since the original estimate of Hubble, deduced values of H have decreased by a factor of 10, and H is still changing as the number and quality of observations increase. Because H depends on distance calibrations, this estimate is affected by accuracy of distances determined independently of the redshift. Assessing the uncertainty in H and discussing redshift data are beyond the scope of the present paper.





5.2. Inventoried Density of Baryons in the Universe


5.2.1. Previous Inventories Underestimate Baryon Density


As discussed in Section 1, problems in evaluating IGM density are known and motivated many modeling and absorption studies of IGM. However, recent studies of the baryon inventory [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17] still fall 30–40% below Big Bang nucleosynthesis values for baryon densities ~3 × 10−28 kg m−3 [84].



Importantly, previous inventories did not account for CGM. That of [5] is based on M/Msun = L/Lsun and, thus, largely depicts star mass. Although some have tried to add other contributions (e.g., [6]), neglecting the immense contribution of CGM from Andromeda-sized galaxies to mass and density explains the origin of the low densities in the previous estimates.



The authors of [5] and, thus, [6] assumed that non-baryonic dark matter (NBDM) is a major galactic constituent in multicomponent fits to RC measurements (Section 2). Hence, previous inventories have replaced ISM and CGM with NBDM, via assuming spherical symmetry (Section 1.1.1), while neglecting IGM. Previous inventories improperly account for hydrogen gas in the universe, which is its major constituent.



Other assessments exist. These use the pdf of [87] which does not account for the size of the smallest galaxy that can be observed depending on its distance squared. For example, Yasuda et al. [88] deduced from observations extending to ~100–200 Mpc that luminosity is (2.4 ± 0.6) × 108 Lsun per Mpc3 (where we include the 7% uncertainty in their fitting parameter h). From Table 3, our count and average L are ~20 × 108 Lsun per Mpc3, using data out to 50 MPc, which are insignificantly affected by the minimum L required to detect a galaxy. Because the minimum L increases with distance squared (Figure 13), consistent with the angle subtended (Section 3.4.1), the results of [88] and other previous work greatly underestimated L per volume, thus underestimating baryon density.




5.2.2. Comparison of Our Results to Cosmological Models for Baryons


Cosmological models indicate baryon densities of ρcosmo ~3 × 10−28 kg m−3 [84]. Recent modeling studies used 40% larger values [10]. Our inventories give much larger ρ (Table 4). Our energy balance calculation (Section 4.4) is 30-fold lower than the inventories of hydrogen in gas and stars. From the classical viewpoint that the universe’s gravitation is defined by mass, not energy, the energy balance calculation is also an estimate of the critical density. In using Hubble’s constant, this estimate describes an expanding, rather than a gravitationally stable universe. The critical density so obtained is, thus, underestimated.



The other estimate independent of our analysis of galactic mass and luminosity utilized models for the number of galaxies up to z = 8 (Section 4.3). This calculation exceeds ρcosmo even if N is reduced by a factor of ~100 (Table 4). This model-based estimate is uncertain (Section 5.1.2), but supports our gravitational assessments, even if their 10-fold lower count from Hubble images is used (Table 3) and confirms that previous observational inventories [5,6] err.



Our most accurate densities, involving galaxies with distances measured independent of redshifts, exceed Big Bang nucleosynthesis models [84] by a factor of 2000 (Table 4). Given the uncertainties associated with the diverse calculations presented here, this discrepancy is significant.



Lastly, even our calculation of baryon density without IGM (Table 4, right side) exceeds the Big Bang nucleosynthesis estimate. Given the vastness of IGM and gas possibly existing without a connection to galaxies, the universe has far more baryonic matter than the 20 year old surveys deduced.






6. Conclusions and Implications


The current view of a shortage of inventoried baryons in the universe is not due to IGM being hot and its density underestimated, but instead largely rests on a flawed model of galactic rotation, which assumes ad hoc that NBDM halos control galactic dynamics (Section 1). The consequence is a popular multicomponent fitting approach that neither addresses baryons stored in galactic atmospheres (CGM) nor accounts for the vast volumes of space (IGM) with very low density (Section 2 and Section 5.2), and that does not actually need baryonic matter to fit RC data (Section 1.1.1). Moreover, no direct evidence exists for NBDM, despite decades of searching for observational confirmation, as well as independent attempts to find supportive data from high-energy physics experiments [32,33].



Accounting for non-spherical shapes of galaxies in recent analyses of their dynamics yields larger baryon mass associated with galaxies and their surroundings than that incorporated in previous inventories. As shown in three mathematically distinct inverse models of Newtonian forces arising in the non-spherical shapes of galaxies, NBDM is not needed to explain galactic rotation (Section 1.2 and Section 2.2.2). Analytical formulae for the internal gravitational potential associated with the oblate shape provide density of the vast CGM shown in Figure 1 that agrees with independent measures of baryonic ρ, confirming that spirals are surrounded by ordinary non-luminous matter, which is consistent with Zwicky’s circa 1933 proposal.



On the basis of Occam’s razor, the simplest model is most likely correct. All three Newtonian inverse models make no special assumptions about the nature of matter in and around galaxies. These utilize no unconstrained parameters, do not require massive amounts of hypothetical NBDM, and do not require altering Newton’s law of gravity (MOND [34,35]), as variously assumed in the currently popular fitting models. Because the oblate spheroid is the stable gravitational shape of rotating bodies, the single, analytical equation summarized in Section 2 provides the simplest and most direct means of extracting mass from galactic rotation curves. Furthermore, Equation (4) permits extrapolation beyond the limiting radius of measurements. Applying Equation (4) to the extensive RC datasets from the best-studied galaxies (Andromeda, the Milky Way, and many Messier spirals) yielded Equation (5) and, ultimately, our results in Table 4.



On the basis of the scientific method, after Popper, a viable model must be robust against refutation. Failure to detect NBDM almost 50 years after its proposal, despite numerous and expensive observational and experimental efforts, refutes the multicomponent fitting models, as well as the low density of baryons in the universe stemming from these fitting models. In the scientific method, one model cannot be used to prove another; hence, proving that NBDM exists requires detection, not another model.



Our calculations provide densities of baryons in the universe (Table 4) that significantly exceed cosmological estimates for baryons. This result is supported by a calculation based on an estimate of the number of galaxies in the universe, which is independent of RC data. Our energy balance determination of ρ is also independent of RC analysis, but rests on the Hubble constant, thus returning the cosmological critical density. As discussed in Section 4.4 and Section 5.2.2, the critical density is low because an expanding universe, not a gravitationally stable universe, is assumed.



Much effort has been expended to understand expansion suggested by the redshifts. Yet, formation of astronomical objects requires contraction. Diverse length scales pertain to contraction because stars compose galaxies, galaxies compose clusters, and clusters compose super-clusters. Super-clusters may compose the universe. Although much evidence exists for contraction governing the observable universe, great uncertainties accompany exploring great distances and the past, due to resolution effects (Section 3). Our most accurate estimate of baryon density (6.2 × 10−25 kg m−3 from our gravitationally based calculations: Table 4) suggests that baryons suffice to slow the expansion. Given the uncertainties, contraction may be possible.



The conflict between uniformitarianism and catastrophism is well known, because creation requires a unique event in time, whereas uniformitarianism requires that processes ongoing today apply to the distant past. Today’s universe could be quasi-steady-state, given limitations in observational data and contraction consistently providing objects on diverse scales over all observable parts of the universe. Evolution is very slow under quasi-steady state. Because galaxies resembling those nearby are observed over immense scales, the beginning is obscured. This conundrum lies at the heart of all creation proposals.
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Appendix A


Additional histograms on luminosity and analyzed rotation curve for different galaxy types from the Local Group and the Virgo Cluster, with a summary table, are shown below. The focus is on the larger galaxies in the LG. A few of these examples were previously published [38]. Fits were used here to reduce the effect of scatter in v(r) on density. Table A1 lists results for LG members examined, and includes new analyses of seven objects, mostly spirals.
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Figure A1. Analysis of three RC datasets on Triangulum: (a) mass; (b) density, both vs. radius for c/a = 1/10. RCs from Kam et al. [89] (pink crosses) were used to calculate mass (red diamonds), but not density, due to the scatter. RCs of Sofue [90] (black dashed line) were used to calculate mass (turquoise dotted line) and density (blue dotted line). RCs of Corbelli and Salucci [91] (black points with error bars) were used to calculate mass (medium dashed line) and density (circles and solid line). Agreement is good and the masses extracted are similar. The fit to ρ is over all r of [91]. Modified after Criss and Hofmeister [38], which has a Creative Commons License. 
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Figure A2. Smaller galaxies in the LG that are not satellites: (a) spiral near the edge. RC data from Bottema and Pestaña [72]. (b) WLM is unusual due to its isolation in the LG. RC from Leaman et al. [92]. Two fits are shown. Modified after Criss and Hofmeister [38], which has a Creative Commons License. 
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Figure A3. Analysis of dwarf satellites in the Local Group, where density was calculated after fitting Min(r), to reduce the effect of scatter in velocity: (a) Fornax, one of the largest dSph orbiting the Milky Way. RCs presented by Salucci et al. [93] were digitized. Original data from Walker et al. [94,95] and Mateo et al. [96]; (b) compact dwarf elliptical M32. RC from Howley et al. [71]. Min ratioed to 106 MSun. Omitting negative densities makes these regions appear to have higher density. Modified after Criss and Hofmeister [38], which has a Creative Commons License. 
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Figure A4. Very small galaxies distant from the MW. RC data from two of the four irregulars studied by Oh et al. [97]: (a) IC10. RC curves with widely spaced and scattered velocities requires fitting v to a function of r to best represent density; (b) IC 1613. Although velocities show scatter, points are closely spaced; hence, fits to Min accurately describe density. 
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Figure A5. Small galaxies distant from the MW: (a) NGC 6822. RC data from Weldrake et al. [98]; (b) And IV, a small galaxy with low luminosity, which is 7.2 Mpc distant and not a satellite of Andromeda. RC from Karachentsev et al. [99]. For both, density varies rather little with radius and the trend is best represented by exponential decline. 
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Figure A6. Largest and smallest satellites of the MW for which RC are available: (a) Large Magellanic Cloud. RC data from Alves and Nelson [100], based on >400 carbons stars; (b) Ursa Minor. RC from [93,94,95,96] (see Figure A3). Widely spaced points require fitting results for mass to best represent the density. 
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Figure A7. Two satellites of Andromeda where RC data were determined by Geha et al. [101]: (a) NGC 147. Data are inside the visible edge; (b) NGC 185. Coverage is more extensive, yet density changes little. 
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Figure A8. Spirals in the VC for which RC data [23] were determined far inside the visible edge, which is ~8.5 kpc for both): (a) NGC 4402; (b) NGC 4419. With closely spaced points, densities are constrained, but represent inside the objects. 
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Figure A9. More spirals in the VC. RC data from Sofue et al. [23]: (a) NGC 4535, determined well inside the visible edge; (b) NGC 4536, where RC data reach the visible edge. 
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Figure A10. Spirals in the VC where RC data [23] were determined inside the visible edge: (a) NGC 4654; (b) NGC 4689. 
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Table A1. Properties of galaxies in the Local Group extracted from rotation curves, except that morphology, luminosity, and visible edge data were taken from NED.
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Name

	
Type

	
Ref.

RC

	
Lvis

(LSun)

	
redge

(kpc)

	
Medge

(MSun)

	
Density

(kg m−3)

	
Lowest ρ

(kg m−3)

	
Power

	
rmax

(kpc)

	
Mmax

(MSun)






	
Milky Way *

	
SBc

	
[64,65]

	
~1.7 × 1010

	
15

	
7.5 × 1010

	
†

	
~3.0 × 10−24

	
−2.06

	
~330

	
~4.5 × 1011




	
Andromeda *

	
SA(s)b

	
[64]

	
3.19 × 1010

	
23

	
1.41 × 1011

	
4.29 × 10−22

	
2.0 × 10−24

	
−2.11

	
440

	
1.30 × 1012




	
Triangulum *

	
SA(s)cd

	
[86,90,91]

	
3.65 × 109

	
9.45

	
1.36 × 1010

	
1.00 × 10−21

	
8.0 × 10−22

	
−1.57

	
15

	
2.96 × 1010




	
NGC 3109 *

	
SB(s)m

	
[72]

	
2.51 × 108

	
6.35

	
2.77 × 109

	
9.00 × 10−22

	
7.0 × 10−22

	
−0.86

	
6.62

	
3.08 × 109




	
Sextans A

	
IBm

	
[102]

	
3.58 × 107

	
1.25

	
1.20 × 108

	
6.80 × 10−21

	
5.0 × 10−22

	
−2.20

	
3.43

	
3.64 × 108




	
Sextans B

	
IBm

	
[102]

	
5.69 × 107

	
1.12

	
6.44 × 107

	
8.80 × 10−21

	
1.0 × 10−22

	
−1.47

	
4.00

	
8.26 × 108




	
WLM *

	
IB(s)m

	
[92]

	
5.83 × 107

	
1.8

	
8.00 × 107

	
9.20 × 10−23

	
1.4 × 10−23

	
−1.08

	
3.1

	
9.47 × 107




	
IC 10

	
IBm

	
[97]

	
5.53 × 109

	
0.75

	
5.64 × 107

	
3.00 × 10−21

	
1.0 × 10−21

	
−0.80

	
0.74

	
7.00 × 108




	
IC 1613

	
IB(s)m

	
[97]

	
7.06 × 107

	
2.32

	
5.80 × 106

	
7.00 × 10−22

	
1.0 × 10−22

	
−0.94

	
2.7

	
7.67 × 107




	
DDO 210

	
dIrr

	
[97]

	
1.39 × 107

	
0.3

	
6.56 × 105

	
1.00 × 10−22

	
1.0 × 10−22

	
−3.60

	
0.33

	
6.56 × 105




	
DDO 216

	
Im/dSph

	
[97]

	
3.93 × 107

	
1.2

	
1.72 × 107

	
4.00 × 10−22

	
4.0 × 10−22

	
−2.16

	
1.20

	
1.72 × 107




	
NGC 6822

	
IB(s)m

	
[98]

	
1.03 × 108

	
3.32

	
6.70 × 108

	
2.00 × 10−21

	
5.0 × 10−23

	
−0.67

	
5.80

	
1.80 × 109




	
Satellites of the Milky Way




	
LMC

	
SB(s)m

	
[100]

	
1.31 × 109

	
4.93

	
3.10 × 109

	
1.80 × 10−21

	
1.39 × 10−22

	
−1.27

	
9.00

	
7.39 × 109




	
SMC

	
SB(s)m pec

	
[103]

	
3.95 × 108

	
2.89

	
6.77 × 108

	
1.00 × 10−21

	
4.0 × 10−24

	
−1.14

	
3.90

	
9.17 × 108




	
Carina *

	
dSph, dE3

	
[93]

	
2.95 × 105

	
0.45

	
3.38 × 106

	
6.50 × 10−22

	
1.4 × 10−22

	
−1.59

	
0.88

	
6.88 × 106




	
Draco *

	
dSph, Epec

	
[93]

	
2.95 × 105

	
0.60

	
3.40 × 106

	
1.00 × 10−21

	
1.3 × 10−22

	
−1.58

	
1.78

	
4.10 × 107




	
Fornax *

	
dSph, dE4

	
[93]

	
1.30 × 107

	
1.42

	
1.20 × 107

	
1.00 × 10−21

	
2.0 × 10−23

	
−1.56

	
1.65

	
1.27 × 107




	
Leo I *

	
dSph, dE3

	
[93]

	
4.99 × 106

	
0.43

	
7.74 × 106

	
1.00 × 10−21

	
1.8 × 10−22

	
−0.85

	
0.95

	
1.26 × 107




	
Leo II

	
dSph/dE0

	
[93]

	
4.67 × 105

	
0.426

	
1.53 × 106

	
5.47 × 10−23

	
5.47 × 10−23

	
−2.1

	
0.45

	
1.54 × 106




	
Sculptor

	
dSph

	
[93]

	
1.50 × 106

	
0.78

	
1.02 × 107

	
2.90 × 10−24

	
2.9 × 10−24

	
−1.0

	
1.06

	
7.24 × 106




	
Sextans

	
dSph

	
[93]

	
3.07 × 105

	
1.0

	
4.30 × 106

	
3.71 × 10−23

	
3.71 × 10−23

	
−2.4

	
1.00

	
4.30 × 106




	
Ursa Minor

	
dSph/dE

	
[93]

	
1.84 × 105

	
0.42

	
4.67 × 106

	
2.87 × 10−22

	
1.64 × 10−22

	
−2.1

	
0.74

	
9.35 × 106




	
Satellites of Andromeda




	
M32 *

	
cE2

	
[71]

	
2.61 × 108

	
0.85

	
1.5 × 107

	
1.0 × 10−22

	
1.0 × 10−22

	
−2.00

	
0.85

	
1.5 × 107




	
NGC 147

	
dSph/dE3

	
[101]

	
1.21 × 108

	
1.62

	
2.92 × 107

	
1.0 × 10−22

	
1.13 × 10−21

	
−0.55

	
2.16

	
3.77 × 107




	
NGC 185

	
dSph/dE5

	
[101]

	
9.27 × 107

	
1.35

	
4.57 × 107

	
7.5 × 10−22

	
1.20 × 10−21

	
0

	
1.35

	
4.67 × 107




	
Small, low surface brightness, extensive RC




	
And IV

	
dIrr

	
[99]

	
2.08 × 107

	
0.94

	
4.21 × 107

	
1.09 × 10−20

	
1.11 × 10−22

	
−1.4

	
7.3

	
1.62 × 109




	
Virgo Cluster




	
NGC 4402

	
Sb

	
[23]

	
3.57 × 109

	
8.61

	
8.41 × 109

	
4.84 × 10−21

	
2.00 × 10−22

	
−1.41

	
4.30

	
8.41 × 109




	
NGC 4419

	
SB(s)a

	
“

	
8.11 × 109

	
8.77

	
1.35 × 1010

	
1.40 × 10−20

	
1.40 × 10−20

	
−1.22

	
3.41

	
1.35 × 1010




	
NGC 4535

	
SAB(s)c

	
“

	
1.87 × 1010

	
17.90

	
4.65 × 1010

	
2.55 × 10−21

	
2.80 × 10−22

	
−1.72

	
11.6

	
4.65 × 1010




	
NGC 4536

	
SAB(rs)bc

	
“

	
1.33 × 1010

	
16.59

	
3.63 × 1010

	
5.0 × 10−23

	
1.00 × 10−23

	
−1.8

	
17.2

	
3.76 × 1010




	
NGC 4654

	
SAB(rs)cd

	
“

	
1.27 × 1010

	
11.42

	
3.90 × 1010

	
1.06 × 10−20

	
3.92 × 10−22

	
−1.1

	
7.60

	
3.90 × 1010




	
NGC 4689

	
SA(rs)bc

	
“

	
9.16 × 109

	
11.94

	
1.41 × 1010

	
1.0 × 10−20

	
3.8 × 10−21

	
−1.69

	
4.00

	
1.41 × 1010








* Analyzed by [38]. For several of these galaxies, RCs are noisy; therefore, we first calculated Min(r), then fit these results, and then calculated density. † Assumed to be 10−21 kg m−3.
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Figure A11. Histograms of galactic luminosities downloaded from NED [26], excluding those with Hubble distances >250 Mpc, but including those without reported Hubble distances. A few huge objects are off-scale, but the statistical insets pertain to the entire population: (a) ellipticals; (b) lenticulars, mainly S0 and S0/a types with lesser Sa, Sb, and Sc; (c) spiral types SA, SAB, and SB shown individually; (d) all spirals, shown on a logarithmic x-axis. 
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Figure 1. Essentially oblate shapes and vast CGM of spiral galaxies: (Left column) visual images of three spirals in the Virgo Cluster, presented at the same scale as the radio contours of each galaxy, shown to the right of each images. RC data exist for NGC 4192 [23], which is ~2× the visual diameter of NCG 4388, and ~1.25× that of NGC 4438, which interacts with a neighbor (not shown); (Middle column) contours in the C-band (centered on 6 cm wavelength), tapered in the ultraviolet for NGC 4192 and 4388; (Right column) contours in the L-band (centered on 20 cm, which depicts hydrogen). Modified after publicly available images in the on-line appendix of the first data release by Wiegert et al. [18]. The CHANG-ES project [24] is described in Irwin et al. 2012 [25]. 
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Figure 3. Andromeda. Inverse models showing the effect of varying c/a for an externally probed galaxy with the most extensive RC available. RC compiled from nine studies by Sofue [64], shown in pink, are used to calculate: (a) Min, and (b) density vs. radius. Error bars indicate that uncertainties in v below 40 kpc are ±10%, but are larger and variable at higher r. Labels list the aspect ratios used in the computations. Modified after Criss and Hofmeister [38], which has a Creative Commons License. 
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Figure 4. Milky Way, for which data are gathered from inside the galaxy. Inverse models showing the effect of different data sets, both with c/a = 1/10 and on changing c/a, as labeled. Compiled RC data from Sofue [65] in pink and from Sofue [65] in black are used to calculate (a) Min, and (b) density vs. radius. However, for ρ, the 2013 dataset below r = 0.1 kpc was merged with the 2015 dataset, as indicated. Fits are to r > 0.1 kpc, as our interest is ρ of CGM. Modified after Criss and Hofmeister [38], which has a Creative Commons License. Density of the ISM (10−21 kg m−3) is used to define the visible edge, giving 15 kpc, in view of new data [66,67] giving lower velocities than RC data. 
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Figure 5. Behavior of mass for all 72 galaxies: (a) dependence of the maximum mass determined on the mass calculated at the visible edge, where the edge radius of MW is ascertained from density (Section 2.2.2); (b) dependence the mass at the visible edge (pink squares) on the visible edge radius. The largest radius studied in RC determinations (black diamonds) is roughly proportional to the visible edge radius, a consequence of density depending on size. 
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Figure 6. Density of galaxies and its dependence on the maximum galactic radius explored in RC measurements: (a) dependence of the power law exponents on the maximum radius of the RC acquisitions, based on Equation (4). The inset shows the statistics for the spirals (black dots), excluding those presenting edge-on (red square)and morphologies other than spirals (blue cross); (b) lowest density calculated as a function of the maximum RC radius. Dwarfs (red cross) have low density due to lesser self-contraction. Spiral density decreases with the radius of measurement, due to both size and sampling effects. Black dots show spirals with RC data to larger radii. Blue squares show spirals with RC data close to centers. 
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Figure 7. Dependence of galaxy mass at the visible edge (black squares and dotted line) and at the maximum radius explored in RC measurements (red dots and line) on luminosity. MW was not included because its luminosity is not independently determined: (a) fit to 70 objects. Green diamond = the five galaxies with RC at >3.64× the visible edge. Green line shows the trend of the highest masses for these objects (Andromeda, UGC 3993, and DDO 154). Andromeda IV (aqua square) has extremely low luminosity but a well determined RC (see Appendix A) and, hence, was not included in the fits; (b) spiral galaxies only. Andromeda is indicated due to its extensive RC. UGC 3993 is a lenticular. 
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Figure 8. Trends for distant galaxies. Masses were calculated from velocities and radii tabulated by Ogle el al. [22] using Equation (3). All reported radii lie at or within the visible edge. Luminosities were obtained from [26]. The various symbols show subsets of the data, as labeled. Dotted line shows a 1:1 correspondence of mass to luminosity. Only for J22073122-0729223 were data reported at r reaching the visual edge. 
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Figure 9. Histograms of the well-documented LG members. Membership from [20]. Insets provide statistics: (a) luminosity of 77 objects, as summarized by [26]. Many objects (49) were not measured, indicating small values; (b) mass of these 77 objects. Pink bars show M/Msun from analysis of RC data (Table A1). Blue bars show mass calculated from luminosity. The isolated blue bar describes M110 (see text). Statistics describe the combined datasets. The sum of mass from RC of only 1.745 × 1012 M/Msun differs negligibly from the sum based on luminosity. 
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Figure 10. Statistics of L/Lsun for galaxies in small volumes of space: (a) probability distribution function of 98 large galaxies (out of ~1100) in the Virgo Cluster. Messier galaxies are labeled. The SB spiral M91 has L/Lsun similar to Andromeda, whereas spirals M98 and M99 have similar L/Lsun to the average of the large galaxies (inset); (b) comparison of cumulative distributions functions of luminosity for the Virgo Cluster to that of the Local Group, obtained by binning their histogram data. Missing luminosity (large squares) is estimated by assuming the small objects have averages of 3 × 107 or 108 L/Lsun. 
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Figure 11. Histograms of galactic luminosities ascertained from redshift-independent distances [26], which places them within 25 to 30 Mpc. The x-axis is logarithmic, but the statistics show the ratios of L/Lsun: (a) ellipticals, including the VC; (b) lenticulars, mainly S0 and S0/a types with lesser Sa, Sb, and Sc; (c) sum of spiral types SA, SAB, and SB, where one small object is not shown for direct comparison to the other panels; (d) running sum of all morphologies. Arrow shows Andromeda’s luminosity, for reference. 
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Figure 12. Running sums of the histogram data shown in Figure A11. All datapoints were included in binning the data. Points show only the populated bins. Lines connect the total masses between bins. The vertical arrow corresponds to a galaxy with the luminosity of Andromeda, provided as a reference marker: (a) ellipticals distributed in 400 bins, which is the maximum number permitted by the graphics program; (b) lenticulars distributed in 400 bins; (c) spiral types SA, SAB, and SB were combined, where 200 bins sufficed to obtain a smooth curve. 
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Figure 13. Dependence of the luminosity of elliptical (2890 pink crosses), spiral (1620 black diamonds), and lenticular galaxies (2371 blue dots) on distances determined from redshifts. Nearby objects with independent distance determinations are not shown; thus, those in the LG and VC are represented by vertical lines show their ranges at an average distance. Labels are placed near the most luminous galaxy of each category, which are statistical outliers (spiral NGC 3169 has a huge bulge; the elliptical and lenticular outliers are AGNs). Dense concentrations of data are best seen for ellipticals, but exist for all types and are parallel to the orange dashed line, which illustrates luminosity of observable objects increasing as distance squared. The violet line describes very bright ellipticals. The black line describes very bright spirals. Fits depict ellipticals (long dashed line), lenticulars (blue line), and spirals (black dashes). The four spirals with unusually low luminosity present face-on. 
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Figure 14. Dependence of the number of galaxies in the NED database [26] on Hubble distance, which omits most of the Virgo Cluster and LG: (a) ellipticals; (b) lenticulars, mainly S0 and S0/a; (c) spiral classes SA, SAB, and SB, which dominates; (d) comparison of all types where the count is the summation. The dots are binned total counts. The red line suggests that a linear decrease describes distances above ~50 Mpc. At very large distances, only large galaxies can be detected. 
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Figure 15. Baryonic density, based on gravitational assessments: (a) schematics illustrating the concept of a representative galaxy in a large cluster of galaxies, where blue galaxies are in the background; green galaxies are closer. Dark colors indicate the star rich interior that grades into CGM and finally into IGM (lighter shades). Very small galaxies (orange color) fit in the “holes” between large galaxies, so their number is not relevant to the count. Variables are defined at the bottom of this panel; (b) calculations of ρ in the nearby universe. The horizontal pink line shows the critical density (see text). The purple line shows ρ the detectable H-gas edge of Andromeda. The black arrow indicates baryon density proposed in Big Bang nucleosynthesis models, which lies below the graph. Red squares = average density from Equation (9). Virgo Cluster estimates are minimal, as its largest galaxies are ellipticals, as indicated by the arrow. The gray X and arrows show the estimated effect of the average galaxy being larger than Andromeda, used as the representative galaxy. Circles and blue arrows show the estimated effect of MW-sized galaxies existing in addition to the representative galaxy. A least-squares fit is shown for the later estimate. The gray area marks regions least impacted by resolution effects. 
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Table 1. Volumetric baryon densities of different astrophysical environments.






Table 1. Volumetric baryon densities of different astrophysical environments.





	

	
Density

	
Reference

	
This Work *




	
Object or Region

	
kg m−3

	

	
kg m−3

	
Figure No.






	
Solar neighborhood

	
~3 × 10−21

	
[74,75]

	
5 × 10−21

	
Figure 4




	
Interstellar medium

	
~10−21

	
[73] †

	
10−21

	
Figure 3 and Figure 4




	
Circumgalactic medium

	
2 × 10−24 to 5 × 10−26

	
[76] ‡

	
10−22 to 10−24

	
Figure 3 and Figure 6b




	
Intergalactic medium

	
1.9 × 10−28 §

	
Figure 6b §




	
WHIM absorptions

	
1.7 × 10−26 to 1.7 × 10−27

	
[77] §

	
1.9 × 10−28 §

	
Figure 6b §








* From inverse models of galactic RC, where n.a. = not applicable. † Ferrière [74] provides 10−4 to 106 atoms per cc for various components in the ISM. ‡ The Sculptor Wall was studied by [76] who state ρ includes GCM. Their highest value agrees with our CGM data, whereas their lower limit greatly exceeds our estimate (to the right) from Equation (5). § Applies Equation (5) to the distance of 127 Mpc for the Sculptor wall of [76] and to upper limit of distances explored by Nicastro et al. [77].













 





Table 2. Effect of distance on the number and mean luminosity of galaxies compiled in the NED database [26].
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Cutoff

	
Ellipticals

	
Lenticulars

	
Spirals

	
All Types




	
Mpc

	
Number

	
Mean L/Lsun

	
Number

	
Mean L/Lsun

	
Number

	
Mean L/Lsun

	
Number

	
Mean L/Lsun






	
250 *

	
4515

	
4.02 × 1010

	
7569

	
2.73 × 1010

	
3474

	
1.97 × 1010

	
15,558

	
2.93 × 1010




	
100

	
2210

	
3.06 × 1010

	
5492

	
2.55 × 1010

	
3101

	
2.17 × 1010

	
10,803

	
2.55 × 1010




	
50

	
1956

	
3.04 × 1010

	
5483

	
2.60 × 1010

	
2518

	
2.18 × 1010

	
9957

	
2.58 × 1010




	
~30 †

	
1813

	
3.14 × 1010

	
5333

	
2.65 × 1010

	
1719

	
2.69 × 1010

	
8865

	
2.76 × 1010








* From Figure 11; reduction in the number of small galaxies with distance affects the mean especially for this large volume sampled. † Describes the NED database galaxies without a specified Hubble distance: It includes the VC, which has many large members, which likely influence the average.













 





Table 3. Calculations of intergalactic media density and gas mass around a galaxy in various regions.
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	Region
	rregion

(Mpc)
	Number of Large Galaxies
	Data
	rrepresentative

(Mpc)
	ρaverage *

(kg m−3)
	Enclosed ρ

(kg m−3)





	LG
	1.5
	2
	Figure 9
	1.2
	6.24 × 10−25
	6.24 × 10−25



	LG
	1.5
	1
	Figure 9
	1.5
	4.11 × 10−25
	6.15 × 10−25 †



	VC
	1.65
	4 (L > 1011 Lsun)
	Figure 10
	1.0
	>9 × 10−25 §
	(60 to 1000) × 10−25 %



	VC
	1.65
	26 (L > 2 × 1010 Lsun)
	Figure 10
	0.56
	2.88 × 10−24 #
	300 × 10−25 %



	VC
	1.65
	52 (L > 1010 Lsun)
	Figure 10
	0.44
	4.65 × 10−24 #
	50 × 10−25



	VC dispersed to LG
	16
	54(L > 1010 Lsun)
	as above
	4.2
	5.0 × 10−26
	1 × 10−25 %



	Inside 30 Mpc ‡
	~30 ‡
	8865
	Figure 11
	1.5
	3.9 × 10−25
	7.8 × 10−25 †



	Inside 50 Mpc
	50
	9912
	not shown
	2.3
	1.7 × 10−25
	3.4 × 10−25 †



	Inside 100 Mpc
	10
	10,803
	not shown
	4.5
	4.5 × 10−26
	1.2 × 10−25 †



	Inside 250 Mpc
	250
	15,158
	Figure A11
	10
	9 × 10−27
	0.34 × 10−25 † %



	Extrapolated trends
	1000
	>384,000
	Section 4.2
	<7
	>1.86 × 10−27
	See Section 4.2



	Universe (Z < 0.8)
	7500
	2 × 1012(L > 106 Lsun)
	Section 4.3
	0.6–2
	(2 to 24) × 10−25
	(2 to 24) × 10−25







* Provides the average using Equation (8) to compute volume and Equation (9) for density. † This increases over the average ρ accounts for the representative galaxies being accompanied by 1–3 objects with sizes like that of the MW. % Accounts for the representative galaxy being more massive than Andromeda in the 100 Mpc and 250 Mpc regions, using Equation (11). ‡ These objects have redshift-independent distances: some are part of the LG or VC. § May be significantly underestimated because RCs of very luminous galaxies are limited to radii within the visible edge. # Represents CGM (not IGM), in agreement with Figure 3 on Andromeda where a 0.4 Mpc distance yields 10−24 kg m−3.













 





Table 4. Baryonic densities * of the universe from various methods.
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	Method or Region
	Baryon Density

kg m−3
	ρ (Neglects IGM) #

kg m−3





	Local Group †
	6.2 × 10−25
	0.042 × 10−25



	Distance directly determined (<30 Mpc)
	7.8 × 10−25
	0.034 × 10−25



	Nearby (<50 Mpc)
	3.4 × 10−25
	0.01 × 10−25



	Universe Count ‡
	(2 to 24) × 10−25
	~0.5 × 10−25



	Energy Balance §
	0.2 × 10−25
	n.a.



	Expansionary critical density &
	0.09 × 10−25
	n.a.



	Cosmology models of baryon density
	0.003 × 10−25
	n.a.







* The last digit reported for each entry is uncertain. † Best estimate. ‡ Independent of the above, which rests on the model of Conselice et al. [80] (see Section 4.3). § Unrelated to the above for all types of matter (Section 4.4). & Includes all types of matter. Assumes that the escape velocity equals the Hubble constant times the radius of the universe, e.g., [81,82,83] (see Section 4.5). Copi et al. [84] modeled Big Bang nucleosynthesis. Other models use slightly larger values of 0.0042 × 10−25 [10]. # Lower limit for a largely gasless universe. This is based on baryon density computed from the mass of galaxies and their CGM divided by the volume of the region. For the LG, masses are from RC data. For the others, the mass is the number of large galaxies in Table 3 times the mass of Andromeda and its CGM (Table A1).
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