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Fast Radio Bursts (FRBs) are millisecond-duration events detected from beyond the Milky22

Way. FRB emission characteristics favor highly magnetized neutron stars, or magnetars,23

as the sources1, as evidenced by FRB-like bursts from a galactic magnetar2,3, and the star-24

forming nature of FRB host galaxies4,5. However, the processes that produce FRB sources25

remain unknown6. Although galactic magnetars are often linked to core-collapse super-26

novae (CCSNe)7, it’s uncertain what determines which supernovae result in magnetars.27

The galactic environments of FRB sources can be harnessed to probe their progenitors.28

Here, we present the stellar population properties of 30 FRB host galaxies discovered by29

the Deep Synoptic Array. Our analysis shows a significant deficit of low-mass FRB hosts30

compared to the occurrence of star-formation in the universe, implying that FRBs are a bi-31

ased tracer of star-formation, preferentially selecting massive star-forming galaxies. This32

bias may be driven by galaxy metallicity, which is positively correlated with stellar mass8.33

Metal-rich environments may favor the formation of magnetar progenitors through stellar34

mergers9,10, as higher metallicity stars are less compact and more likely to fill their Roche35

lobes, leading to unstable mass transfer. Although massive stars do not have convective36

1



interiors to generate strong magnetic fields by dynamo11, merger remnants are thought37

to have the requisite internal magnetic-field strengths to result in magnetars11,12. The38

preferential occurrence of FRBs in massive star-forming galaxies suggests that CCSN of39

merger remnants preferentially forms magnetars.40

The Deep Synoptic Array (DSA-110), situated at the Owens Valley Radio Observatory (OVRO)41

near Bishop, California, is a radio interferometer built for simultaneous FRB discovery and arcsec-42

ond -scale localization. The DSA-110 underwent science commissioning and performed observa-43

tions between February 2022 and March 2024 with a coherent core of 48 4.65 m antennas used for44

FRB searching combined with 15 outrigger antennas (maximum baseline of 2.5 km) used for local-45

ization. Each antenna is equipped with a dual-polarization ambient-temperature 1.28–1.53 GHz46

receiver. A custom low-noise amplifier design delivering 7 K noise temperature13 was central47

to achieving sensitivity to 1.9 Jy ms FRBs (for millisecond-duration events). A real-time search48

for FRBs with 0.262 ms sampling and a dispersion-measure (DM) range up to 1500 pc cm–3 was49

conducted. Localization accuracies of better than ±2 arcsecond (90% confidence) were achieved50

by comparison with coeval observations of standard astrometric reference sources (see Methods51

and Supplementary Fig. 1, 2). During these observations, 60 FRBs were successfully localized.52

In this work, we limit our analysis to FRBs discovered up to November 2023 which have redshifts53

for all hosts detectable down to r = 23.5 mag, to ensure a uniform sample selection. The follow-54

up of a subset of FRBs discovered post November 2023 is presented in our companion paper55

(Connor et al.). Among the 42 FRBs localized by DSA-110 up to November 2023, 30 had a56

potential host-galaxy candidate in the vicinity of the FRB localization (within 1000), detectable at57

 23.5 mag in archival r-band data from PanSTARRS1 (PS1)14 or the Beijing-Arizona Sky Survey58

(BASS) from the Dark Energy Survey15. We complement these archival data with deeper ground-59

based optical or near-infrared imaging observations with the Wafer-Scale Imager for Prime focus60

(WaSP)16 and the Wide Field Infrared Camera (WIRC)17 instruments, mounted on the 200-inch61

Hale Telescope at the Palomar Observatory in our follow-up campaigns (see Methods). We use62

the Bayesian Probabilistic Association of Transients to their Hosts (PATH) formalism18 on the63

deepest available imaging data to estimate the association probability (Phost) of the most likely64

host galaxy (see Methods). The PATH analysis finds secure host associations for 26 FRBs with65

Phost � 90% (see Extended Data Fig. 1). Of the remaining four events, FRBs 20221027A and66

20220330D have two possible hosts, one of which is favored by both the localizations and the67

DMs (see Methods). FRB 20230216A is found at a large offset from the preferred host, which68

lowers the association probability according to the chosen PATH setup, and the localization of69

FRB 20220208A is confused by the presence of a faint (23.4 mag in J-band data, spectroscopic70

redshift not available) alternative host. We further validate our host associations in Methods and71

Supplementary Fig. 3, 4. We also discuss the hostless FRBs in Methods and Supplementary72

Fig. 5. The imaging mosaic of 30 FRB hosts included in our sample is displayed in Fig. 1 (see73
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Supplementary Fig. 6 for labeled axes), and the discovery properties of the host galaxies are74

tabulated in Extended Data Table 1. For all quantitative arguments in our work, we only consider75

secure host associations with Phost � 90%.76

Having identified the most probable host galaxies, we obtained optical spectroscopy with the Low77

Resolution Imaging Spectrometer (LRIS)19 on Keck-I, DEep Imaging Multi-Object Spectrograph78

(DEIMOS)20 on Keck-II at W. M. Keck Observatory and the Double Spectrograph (DBSP)21 on79

the 200-inch Hale Telescope at Palomar Observatory (see Methods). The spectroscopic red-80

shifts (z) and emission line fluxes are measured by jointly fitting the stellar continuum and nebular81

emission using the penalized PiXel-Fitting (pPXF) software22 (see Supplementary Fig. 7 and Ta-82

ble 1). Next, we model the spectral energy distributions (SEDs) of the FRB host galaxies using the83

Prospector software23, where we jointly forward model the observed spectra, archival photome-84

try from PS1, BASS, Mayall z-band Legacy Survey (MzLS)24, Sloan Digital Sky Survey (SDSS)25,85

Two Micron All Sky Survey (2MASS)26, Wide-field Infrared Survey Explorer (WISE)27, and Galaxy86

Evolution Explorer (GALEX)28 surveys and photometry of data obtained with WaSP and WIRC87

instruments (see Supplementary Table 2). We model the galaxies with a seven-component non-88

parametric star-formation history (SFH), a two-component dust attenuation model, a flexible dust89

attenuation curve, dust emission, and a self-consistent nebular emission model (see Methods and90

Supplementary Table 3 for a summary of model parameters). Using standard empirical optical91

emission-line diagnostic diagrams29,30 (see Extended Data Fig. 2) and WISE color-color galaxy92

classifications31 (see Extended Data Fig. 3), we find that the dominant ionization mechanism93

in FRB host galaxies is consistent with the locus of star-forming galaxies (late-type spirals) and94

emission line galaxies with active galactic nuclei (AGN, either LINERs or Seyferts) (see Methods95

and Supplementary Table 4). Therefore, we also include the emission from dust-enshrouded AGN96

in our SED modeling. The derived properties from our SED fits (see Supplementary Fig. 8) and97

constrained SFHs (see Supplementary Fig. 9) for FRB host galaxies are tabulated in Extended98

Data Table 2, and their distributions are shown in Extended Data Fig. 4.99

To contextualize FRB host galaxies within the broader framework of star-formation and stellar100

mass in the universe, we compare them with the background galaxy population. In our compari-101

son sample, alongside our 26 secure host associations, we include a complete literature sample102

of 26 FRB hosts4,5 that adhere to our selection criteria of r-band magnitude  23.5 mag and103

secure host association (Phost � 90%). To address incompleteness inherent in magnitude-limited104

galaxy surveys, we adopted a hybrid approach to simulate the complete background galaxy pop-105

ulation. We sample the galaxy stellar masses, M⇤, from the stellar mass function, �(M⇤, z)32 and106

then compute the corresponding star-formation rate (SFR) using the star-forming main sequence,107

SFR(M⇤, z)33 and the distribution of galaxies in log M⇤ – log SFR – z space33 (see Methods and108

Supplementary Fig. 10, 11). We compare the stellar mass distribution of FRB hosts with the109
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distributions of stellar mass of background galaxies selected by two methods – weighted by SFR110

and weighted by stellar mass. We split the FRB comparison sample into three redshift bins to111

mitigate biases from the evolution of the background galaxy population: z  0.2 with 20 FRBs,112

0.2 < z  0.4 with 24 FRBs, and 0.4 < z  0.7 with 7 FRBs. The lowest redshift bin edge was113

chosen based on our capability to confidently identify low mass galaxies, given the optical imaging114

depths (see Methods). Notably, FRB 20221029A was excluded from this analysis due to its soli-115

tary occurrence at z ⇠ 1, rendering meaningful comparisons challenging at high redshifts owing116

to limited statistical power. We perform one-sample Kolmogorov-Smirnov (KS) tests between the117

sample of FRB stellar masses, and the background distributions corrected for optical selection118

effect of r-band magnitude  23.5 mag (see Methods). The results are shown in Fig. 2.119

We find that the sample of FRB host-galaxy stellar masses is inconsistent with the stellar mass120

distribution in the universe, but broadly consistent with the distribution of galaxies selected ac-121

cording to SFR. In all three redshift bins, the KS-test p-value from the comparison between FRBs122

and galaxies selected according to stellar mass is < 0.001 (i.e., > 3� significance). Conversely,123

the comparison with the stellar mass distribution of galaxies selected according to SFR yields124

p-values greater than 0.01 in all the three redshift bins. This similarity to galaxies selected by SFR125

is further emphasized by the close alignment of FRB host galaxies with the star-forming main126

sequence of galaxies4,34 (see Extended Data Fig. 5). However, for z  0.2, despite our sensitivity127

to optically faint galaxies, we observe a notable scarcity of FRBs in the galaxies with log M⇤ . 9128

(see Fig. 2a). This is indicated by the low associated KS-test result of p = 0.030; we note that129

the KS-test is not optimal to quantify the significance of this claim. Radio selection effects are not130

expected to contribute to this scarcity of low-mass FRB hosts at z  0.235 (see Methods).131

The dearth of z  0.2 low-mass FRB host galaxies becomes even clearer when we compare132

them to host galaxies of the most prevalent class of CCSNe (Type II), which trace the occurrence133

of star-formation in the universe, with no dependence on other galaxy properties36 (see Fig. 3b).134

We show the distribution of stellar masses of Type II CCSNe and FRB host galaxies in the r-band135

magnitude and redshift space in Fig. 3a. FRB hosts trace the locus of 0.1 – 1 L⇤ background136

galaxies, and are more massive than typical Type II CCSNe host galaxies. To contextualize the137

rarity of the occurrence of Type II CCSNe in only massive galaxies on the scale of our z  0.2138

FRB sample size (NFRB), we perform 1, 000 Monte-Carlo simulations where we sample NFRB139

galaxy stellar masses from the Type II CCSNe host distributions. We compute the fraction of140

these samples with all stellar masses above a particular stellar mass log M⇤ (see Extended Data141

Fig. 6). We find that for our complete local universe FRB sample of size NFRB = 20, the probability142

that all Type II CCSNe occur in galaxies more massive than 109 M� is p = 0.0014 (⇠ 3.2� signifi-143

cance). If FRBs were an unbiased tracer of star-formation in the universe, then this quantifies the144

significance of the deficit of low-mass FRB hosts.145
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We have shown that FRBs trace the occurrence of star-formation in the universe in preferentially146

massive galaxies. This could point to an environment-dependent production efficiency of FRB147

sources. The primary driver of changes in stellar population properties with galaxy mass is the148

galaxy mass-metallicity relation8. Increased metallicity affects the evolution of massive stars by149

line-driven stellar winds, where the mass-loss rate positively correlates with metallicity. Certain150

classes of supernova preferentially occur in low-metallicity environments37, such as those that151

produce long-duration gamma-ray bursts (lGRBs) and superluminous supernovae (SLSNe)36. We152

quantify the effect of metallicity on the selection of FRB host galaxies by constructing background153

stellar mass distributions weighted by SFR together with a metallicity-dependent FRB source for-154

mation efficiency ⇢ = (1 + (–M/Mc)�)–1. Here, Mc is a characteristic cut-off mass that regulates155

the production of FRB sources, ceasing their occurrence in lower stellar mass (and hence, lower156

metallicity) galaxies and � regulates the strength of the metallicity cutoff. The best-fitting model157

suggests a strong cutoff with log Mc = 8.86 (see Fig. 3b), thus implying that the formation effi-158

ciency of FRB sources is suppressed at oxygen abundances below 12 + log O/H ⇠ 8.09+0.60
–0.51,159

corresponding to a cutoff metallicity of log(Z/Z�) = –0.60+0.60
–0.51. We determine this threshold160

metallicity by employing the galaxy mass-metallicity relation8, which is incorporated as a prior161

in our SED modeling methodology (see Methods).162

We have interpreted the preferential occurrence of FRBs in massive star-forming galaxies as a163

preference for high metallicity environments, as inferred from the positive correlation between164

galaxy stellar mass and metallicity8. Magnetars are known to be potential FRB sources1 and165

the preferential occurrence of FRBs in higher metallicity environments may be expected in the166

scenario1 that FRBs are emitted by magnetars formed in a sub-population of CCSNe. First, for167

single-star progenitors, elevated metallicity would favor the formation of neutron star remnants168

over black holes due to increased mass-loss in higher metallicity stars38. Further, stellar merg-169

ers have been theoretically demonstrated as the origin of magnetic blue straggler stars, which170

undergo rejuvenation by burning the accreted fuel from their companions, and are believed to171

be potential progenitors of magnetars due to the amplified magnetic fields of the merger rem-172

nants12. The increase in the metallicity of intermediate-mass progenitor stars evolving in such173

binaries, which eventually culminate in CCSNe, increases the proportion of CCSNe occurring174

through this delayed binary evolution channel9,10. The heightened efficiency of CCSN formation175

through binary interactions in high-metallicity settings likely stems from the association between176

metallicity and stellar size10. A star with higher metallicity is less compact as it evolves beyond the177

main sequence, thereby affecting the progression of mass transfer in binary systems39. At high178

metallicity, stars in binaries are more likely to evolve to fill their Roche lobes, leading to unstable179

mass transfer and stellar mergers that potentially produce magnetar progenitors. A stellar-merger180

formation channel for magnetar progenitors may indeed be observationally favored for the Galactic181

magnetar population40.182
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We broaden our understanding of FRB sources by comparing the distributions of host-normalized183

projected galactocentric offsets and host galaxy stellar mass with various classes of transients184

(see Fig. 4 and Methods for a description of the literature samples used). We limit our compar-185

isons to the local universe (z  0.2) to potentially mitigate any unknown incompleteness that186

might be inherent to other transients at high redshifts. We also show the distribution for the entire187

redshift range in Extended Data Fig. 7 and 8. We correct the galaxy stellar mass distributions for188

the redshift evolution and perform two-sample KS-tests to quantify the potential similarities (see189

Methods and Supplementary Table 5). In contrast to FRBs, the SLSNe and lGRBs predominantly190

manifest in the central star-forming regions of low-mass galaxies characterized by low metallic-191

ity and high specific SFR, thus underscoring the dissimilarities with FRBs. Although the offset192

distribution of ultra-luminous X-ray (ULX) sources is consistent with FRBs (pKS = 0.09), they193

demonstrate a preference for occurrence in massive galaxies and trace the background galaxy194

population selected by stellar mass, not star-formation. The stellar mass distribution of FRB host195

galaxies is comparable to those of other classes of transient that trace star-formation, including196

Type II CCSNe, Type Ia supernovae, and short-duration GRBs (sGRBs), but with the deficit of197

low-mass galaxies.198

Some differences are apparent in the offset distributions of FRBs and classes of transients that199

trace star formation. Although FRBs are systematically found at larger offsets than Type II CCSNe200

and Type Ia supernovae, but smaller offsets than sGRBs, the host-normalized offsets are consis-201

tent with these three transient classes, owing to massive FRB host galaxies and the positive galaxy202

stellar mass - radius correlation. The larger absolute offset values may be a consequence of the203

radio-observation bias, where bursts originating closer to the center of star-forming spiral galaxies204

are over-dispersed and exhibit higher scattering timescales35, thus preventing their detection. If205

FRBs were to trace the locations of star-formation within their host galaxies, this radio selection206

bias may shift the FRB offset distribution to lower offsets by up to ⇠ 1 kpc41. On the other hand,207

the larger FRB offsets may be indicative of the long delays in CCSNe involving interacting binaries,208

which would imply that the CCSNe occur significantly displaced from the birth sites9. For example,209

if the typical stellar motions at the birth site are ⇠ 10 km s–1 and the delay-time is 75 Myr, then the210

system would have drifted by 750 pc before the explosion. Alternatively, the larger offsets of FRBs211

may also arise from the contribution of non-CCSNe formation channels, such as the accretion-212

or merger-induced collapse (AIC/MIC) of massive white dwarfs and binary neutron star mergers,213

towards FRB sources. The existence of these FRB source formation channels is indicated by214

the globular cluster FRB source 20201120E42,43, and early DSA-110 results34. To conclude, the215

larger offsets of FRBs may either be due to delayed pre-CCSNe stellar merger magnetar formation216

scenario, or due to contributions from non-CCSN formation channels. However, we note that the217

current data shows no evidence for the existence of multiple statistically different FRB host galaxy218

populations (see Methods).219
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Further insight into source formation channels may be gained through a detailed analysis of the220

distribution of FRB delay-times with respect to the formation of their stellar progenitors44. Non-221

CCSN channels (e.g., AIC/MIC of white dwarfs) are expected to have extended delay-time distri-222

butions of several Gyr45, whereas CCSNe of isolated stars occur on ⇠ 3 – 50 Myr stellar lifetimes,223

and the CCSNe of stellar-merger remnants are expected to occur promptly within ⇠ 50 – 250 Myr224

of the birth of binary components9. The preferential occurrence of FRBs in massive star-forming225

galaxies is a constraint that applies to any model for FRB source formation. The influence of226

metallicity on the formation of FRB sources can be independently corroborated using forthcom-227

ing surveys. Given that star-formation in the early universe predominantly occurs within low-mass228

galaxies, and galaxies of the same stellar mass at higher redshifts are less chemically enriched46,229

the preference of FRBs for metal-rich environments implies a suppression of the proposed FRB230

source formation channel at high redshifts. However, scenarios proposed for the repeating FRB231

12110247, which is found in a low-metallicity dwarf star-forming galaxy, may become more com-232

mon at high redshifts. If most FRBs are emitted by magnetars like those observed in the Milky233

Way, our results favor a scenario where magnetars are generally formed from the CCSN of stellar234

merger remnants in interacting binaries.235
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Fig.1: Optical/IR imaging of the fields of DSA-110 discovered FRBs. The images are centered
on the PATH-identified host galaxies (cyan crosshairs), and panels are arranged in increasing
order of redshifts (see Extended Data Table 1). The 90% confidence FRB localization regions are
marked as red ellipses and stars are marked as yellow crosses. These images reach 3� depths
of & 23 – 24 mag and are oriented with north up and east to the left. The imaging instrument,
association probability, extragalactic DM, redshift, and physical scales are marked on the panels
for reference. All images were smoothed with a Gaussian kernel of � = 000.15 to improve visibility.
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Fig.2: Comparison of FRB host galaxies with the distribution of galaxies in the Universe
selected by stellar mass and star-formation. We show cumulative distributions of galaxy stellar
mass of samples selected in three ways: the occurrence of FRBs (blue), SFR (red), and stellar
mass (orange). We correct the background stellar mass distributions for optical selection effects by
employing an r-band magnitude threshold of 23.5 mag (solid lines, see Methods). For reference,
we also plot the distributions without this selection (dashed lines). The shaded regions represent
the 1, 2, 3� bands. Along with 26 secure host associations of DSA-110 FRBs from this work, we
also include the Gordon et al.4 and Bhardwaj et al.5 sample of FRB host galaxies that follow our
selection criterion. The distribution of FRB-host stellar masses is inconsistent with the distribution
of background galaxies selected by stellar mass in all redshift bins with > 3� confidence. The
p-value computed using the KS-test for similarity with the distribution of background galaxies
selected by SFR (red) is & 0.01 in all redshift bins, indicating that the occurrence of FRBs is
correlated with the occurrence of star-formation. However, despite our sensitivity, there is a deficit
of low-mass FRB hosts in z  0.2 bin.
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Fig.3: Investigation of whether FRBs trace star-formation in the universe using the z  0.2
sample. The panel a shows the distribution of the r-band magnitude and redshift of FRB hosts
published in this work (squares), alongside Gordon et al.4 (circles) and Bhardwaj et al.5 (dia-
monds) FRB host galaxies samples with r-band magnitude . 23.5 mag (dashdot line) and z  0.2.
On comparing with the redshift evolution of galaxies with characteristic luminosities L⇤ (solid line),
0.1L⇤ (dashed line), and 0.01L⇤ (dotted line) , we find that the FRB hosts trace ⇠ 0.1–1L⇤ galaxies.
A comparison with the host galaxies of Type II CCSNe36 (triangles) reveals that FRB host galaxies
are relatively massive. This result is also evident in panel b, where we show the host galaxy mass
distributions (solid lines) with Poisson errors (shaded regions). Since Type II CCSNe (green) are
unbiased tracers of star-formation in the universe, the SFR-weighted galaxy mass distribution
(red) provides an adequate description of their host mass distribution. On the other hand, the
host galaxies of FRBs (blue) show a clear dearth of low-mass galaxies. This absence can be ac-
counted for by adding a metallicity-dependent FRB progenitor formation efficiency (black), which
is stifled in environments with oxygen abundances, 12+log(O/H)  8.09+0.60

–0.51, corresponding to a
cutoff metallicity of log(Z/Z�) = –0.60+0.60

–0.51.
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Fig.4: Comparison of FRB host galaxy properties with those of various transient classes
at z  0.2. We compare host galaxy stellar mass (panel a) and host-normalized galactocentric
offset (panel b) distributions of FRBs with Type Ia supernovae , ultra-luminous X-ray sources
(ULX) , superluminous supernovae (SLSNe) , core-collapse supernovae (CCSNe) , short-duration
gamma ray bursts (sGRBs) and long-duration gamma ray bursts (lGRBs) (see Methods for a
description of the comparison samples). For comparisons, we only use our secure FRB host
associations, together with the literature sample of FRB host galaxies and offset measurements
(see Methods). We correct stellar masses for redshift evolution41 (see Methods). The measured
values (dashed lines), median (thick lines) and 1� errors (shaded regions) computed using 1, 000
Monte Carlo samples of measurements reported in literature are plotted. For reference, we also
plot the background population selected by stellar mass (orange) and SFR (red) in panel a (see
Fig. 2) and offsets of the satellites and globular clusters of Milky Way (MW) in panel b.
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