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 Executive Summary
 More than 85 years after its astrophysical discovery, the fundamental nature of dark matter remains one of theforemost open questions in physics. Over the last several decades, an extensive experimental program has sought todetermine the cosmological origin, fundamental constituents, and interaction mechanisms of dark matter. While theexisting experimental program has largely focused on weakly-interacting massive particles, there is strong theoreticalmotivation to explore a broader set of dark matter candidates. As the high-energy physics program expands to “searchfor dark matter along every feasible avenue” (Ritz et al., 2014), it is essential to keep in mind that the only direct,empirical measurements of dark matter properties to date come from astrophysical and cosmological observations.
 The Large Synoptic Survey Telescope (LSST), a major joint experimental effort between NSF and DOE, provides aunique and impressive platform to study dark sector physics. LSST was originally envisioned as the “Dark MatterTelescope” (Tyson et al., 2001), though in recent years, studies of fundamental physics with LSST have been morefocused on dark energy. Dark matter is an essential component of the standard ΛCDM model, and a detailedunderstanding of dark energy cannot be achieved without a detailed understanding of dark matter. In the precisionera of LSST, studies of dark matter and dark energy are extremely complementary from both a technical and scientificstandpoint. In addition, cosmology has consistently shown that it is impossible to separate themacroscopic distributionof dark matter from the microscopic physics governing dark matter. In this document, we reaffirm LSST’s ability totest well-motivated theoretical models of dark matter: i.e., self-interacting dark matter, warm dark matter, darkmatter-baryon scattering, ultra-light dark matter, axion-like particles, and primordial black holes.
 Studies with LSST will use observations of Milky Way satellite galaxies, stellar streams, and strong lens systems todetect and characterize the smallest dark matter halos, thereby probing the minimum mass of ultra-light dark matterand thermal warm dark matter. Precise measurements of the density and shapes of dark matter halos in dwarf galaxiesand galaxy clusters will be sensitive to dark matter self-interactions probing hidden sector and dark photon models.Microlensing measurements will directly probe primordial black holes and the compact object fraction of dark matterat the sub-percent level over a wide range of masses. Precise measurements of stellar populations will be sensitive toanomalous energy loss mechanisms and will constrain the coupling of axion-like particles to photons and electrons.Unprecedented measurements of large-scale structure will spatially resolve the influence of both dark matter and darkenergy, enabling searches for correlations between the only empirically confirmed components of the dark sector. Inaddition, the complementarity between LSST, direct detection, and other indirect detection dark matter experimentswill help constrain dark matter-baryon scattering, dark matter self-annihilation, and dark matter decay.
 The study of dark matter with LSST presents a small experimental program with a short timescale and low costthat is guaranteed to provide critical information about the fundamental nature of dark matter over the next decade.LSST will rapidly produce high-impact science on fundamental dark matter physics by exploiting a soon-to-existfacility. The study of dark matter with LSST will explore parameter space beyond the high-energy physics program’scurrent sensitivity, while being highly complementary to other experimental searches. This has been recognized inAstro2010 (National Research Council, 2010), during the Snowmass Cosmic Frontier planning process (e.g., Kusenko& Rosenberg, 2013; Beatty et al., 2013; Bauer et al., 2015), in the P5 Report (Ritz et al., 2014), and in a series ofmore recent Cosmic Visions reports (e.g., Dodelson et al., 2016a; Dawson et al., 2018), including the “New Ideas inDark Matter 2017: Community Report” (Battaglieri et al., 2017). It is worth remembering that astrophysical probesprovide the only constraints on the minimum and maximum mass scale of dark matter, and astrophysical observationswill likely continue to guide the experimental particle physics program for years to come.
 LSST Dark Matter
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 Preface
 This white paper is the product of a large community of scientists who are united in support of probing the fundamentalnature of dark matter with LSST. The study of dark matter is currently distributed across several of the LSST ScienceCollaborations, making it difficult to combine results and build a cohesive physical picture of dark matter. It wasrecognized that the existing situation could hamper research on dark matter physics with LSST, and the currenteffort was started to coordinate dark matter studies among various LSST Science Collaborations, to enlarge the darkmatter community, and to strengthen connections between theory and experiment. The concept for this white paperemerged from a series of meetings and regular telecons organized in 2017–2018 around the topic of astrophysicalprobes of dark matter in the era of LSST. Sessions were held at the LSST Project and Community Workshop in2017 and 2018, multiple LSST Dark Energy Science Collaboration (DESC) meetings, and two dedicated multi-dayworkshops at the University of Pittsburgh and Lawrence Livermore National Laboratory. Funding was provided byindividual institutions and through a grant from the LSST Corporation (LSSTC) Enabling Science Program. Throughparticipation in the workshops, numerous telecons, sensitivity analyses, writing, editing, and reviewing, roughly100 scientists have directly contributed to this white paper. We encourage interested scientists to join this effort at:https://lsstdarkmatter.github.io/.
 LSST Dark Matter
 https://lsstdarkmatter.github.io/

Page 4
                        
                        

iii
 List of Contributors and Endorsers
 The following people have contributed to or endorsed the LSST dark matter science case as presented here:
 Contributors: Alex Drlica-Wagner1,2,3,†, Yao-YuanMao4,*, Susmita Adhikari5, Robert Armstrong6, Arka Banerjee5,7,NilanjanBanik8,9, KeithBechtol10, SimeonBird11, KimberlyK.Boddy12, AnaBonaca13, JoBovy14,MatthewR.Buckley15,Esra Bulbul13, Chihway Chang3,2, George Chapline 16, Johann Cohen-Tanugi17, Alessandro Cuoco18,19, Francis-Yan Cyr-Racine20,21, William A. Dawson6, Ana Díaz Rivero20, Cora Dvorkin20, Denis Erkal22, Christo-pherD. Fassnacht23, JuanGarcía-Bellido24,MaurizioGiannotti25, VeraGluscevic26, NathanGolovich6, DavidHendel14,Yashar D. Hezaveh27, Shunsaku Horiuchi28, M. James Jee23,29, Manoj Kaplinghat30, Charles R. Keeton15,Sergey E. Koposov31,32, Ting S. Li1,2, Rachel Mandelbaum32, Samuel D. McDermott1, Mitch McNanna10,Michael Medford33,34, Manuel Meyer5,7, Moniez Marc35, Simona Murgia30, Ethan O. Nadler5,36, Lina Necib37,Eric Nuss17, Andrew B. Pace38, Annika H. G. Peter39,40,41, Daniel A. Polin23, Chanda Prescod-Weinstein42,Justin I. Read22, Rogerio Rosenfeld43,44, Nora Shipp3, Joshua D. Simon45, Tracy R. Slatyer46, Oscar Straniero47,Louis E. Strigari38, Erik Tollerud48, J. Anthony Tyson23, Mei-Yu Wang31, Risa H. Wechsler5,36,7, David Wittman23,Hai-Bo Yu11, Gabrijela Zaharijas49
 Endorsers: Yacine Ali-Haïmoud50, James Annis1, Simon Birrer51, Rahul Biswas52, Jonathan Blazek53,Alyson M. Brooks15, Elizabeth Buckley-Geer1, Regina Caputo54, Eric Charles5,7, Seth Digel5,7, Scott Dodelson31,Brenna Flaugher1, Joshua Frieman1,2, Eric Gawiser15, Andrew P. Hearin55, Renee Hložek14,56, Bhuvnesh Jain57,Tesla E. Jeltema58, SavvasM. Koushiappas59, Mariangela Lisanti60, Marilena LoVerde61, SiddharthMishra-Sharma50,Jeffrey A. Newman4, Brian Nord1,2,3, Erfan Nourbakhsh23, Steven Ritz58, Brant E. Robertson58, Miguel A. Sánchez-Conde24,62, Anže Slosar63, Tim M. P. Tait30, Aprajita Verma64, Ricardo Vilalta65, Christopher W. Walter66,Brian Yanny1, Andrew R. Zentner4
 † [email protected]∗ [email protected]
 1 Fermi National Accelerator Laboratory2 Kavli Institute of Cosmological Physics, University of Chicago3 Department of Astronomy & Astrophysics, University of Chicago4 Department of Physics and Astronomy and Pittsburgh Particle Physics,Astrophysics and Cosmology Center (PITT PACC), University of Pittsburgh5 Kavli Institute for Particle Astrophysics and Cosmology, Stanford University6 Lawrence Livermore National Laboratory7 SLAC National Accelerator Laboratory8 GRAPPA Institute, Institute for Theoretical Physics Amsterdam and DeltaInstitute for Theoretical Physics, University of Amsterdam, Netherlands9 Lorentz Institute, Leiden University, Netherlands10 Physics Department, University of Wisconsin-Madison11 Department of Physics and Astronomy, University of California, Riverside12 Department of Physics and Astronomy, Johns Hopkins University13 Harvard-Smithsonian Center for Astrophysics14 Department of Astronomy & Astrophysics, University of Toronto, Canada15 Department of Physics and Astronomy, Rutgers University16 Lawrence Livermore National Laboratory17 LUPM, Université de Montpellier and CNRS, Montpellier, France18 Univ. Grenoble Alpes, USMB, CNRS, LAPTh, F-74940 Annecy, France19 Institute for Theoretical Particle Physics and Cosmology, RWTH AachenUniversity, Germany20 Department of Physics and Astronomy, University of New Mexico21 Department of Physics, Harvard University22 Department of Physics, University of Surrey, UK23 Physics Department, University of California, Davis24 Instituto de Física-Teórica UAM-CSIC, Universidad Autónoma de Madrid,28049 Madrid, Spain25 Physical Science Department, Barry University26 Department of Physics, University of Florida27 Center for Computational Astrophysics, Flatiron Institute
 28 Center for Neutrino Physics, Department of Physics, Virginia Tech29 Yonsei University, Seoul, South Korea30 Department of Physics and Astronomy, University of California, Irvine31 Institute of Astronomy, University of Cambridge, UK32 Department of Physics, McWilliams Center for Cosmology, Carnegie MellonUniversity33 Lawrence Berkeley National Laboratory34 Department of Astronomy, University of California, Berkeley35 Laboratoire de l’Accélérateur Linéaire, IN2P3-CNRS, France36 Department of Physics, Stanford University37 Walter Burke Institute for Theoretical Physics, California Institute of Technology38 George P. and Cynthia Woods Mitchell Institute for Fundamental Physics andAstronomy, and Department of Physics and Astronomy, Texas A&M University39 Center for Cosmology and AstroParticle Physics, The Ohio State University40 Department of Physics, The Ohio State University41 Department of Astronomy, The Ohio State University42 Department of Physics, University of New Hampshire43 ICTP South American Institute for Fundamental Research, Instituto de FísicaTeórica, Universidade Estadual Paulista, São Paulo, Brazil44 Laboratório Interinstitucional de e-Astronomia - LIneA, Rua Gal. José Cristino77, Rio de Janeiro, RJ - 20921-400, Brazil45 Observatories of the Carnegie Institution for Science46 Center for Theoretical Physics, Massachusetts Institute of Technology47 INAF-Italian National Institute of Astrophysics, Italy48 Space Telescope Science Institute49 Center for Astrophysics and Cosmology, University of Nova Gorica50 Center for Cosmology and Particle Physics, Department of Physics, New YorkUniversity51 Department of Physics and Astronomy, University of California, Los Angeles52 The Oskar Klein Centre for Cosmoparticle Physics, Stockholm University,AlbaNova, Stockholm SE-106 91, Sweden
 LSST Dark Matter

Page 5
                        
                        

iv
 53 Institute of Physics, Laboratory of Astrophysics, École Polytechnique Fédéralede Lausanne (EPFL), Observatoire de Sauverny, 1290 Versoix, Switzerland54 NASA Goddard Space Flight Center55 Argonne National Laboratory56 Dunlap Institute, University of Toronto, Canada57 Department of Physics & Astronomy, University of Pennsylvania58 University of California, Santa Cruz59 Department of Physics, Brown University60 Department of Physics, Princeton University
 61 C.N. Yang Institute for Theoretical Physics and Department of Physics &Astronomy, Stony Brook University62 Departamento de Física Teórica, M-15, Universidad Autónoma de Madrid,E-28049 Madrid, Spain63 Physics Department, Brookhaven National Laboratory64 Sub-department of Astrophysics, University of Oxford, UK65 Department of Physics, University of Houston66 Department of Physics, Duke University
 LSST Dark Matter

Page 6
                        
                        

Contents
 1 Introduction 1
 2 Dark Matter Models 4
 2.1 Particle Dark Matter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
 2.1.1 Warm Dark Matter (WDM) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
 2.1.2 Self-Interacting Dark Matter (SIDM) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
 2.1.3 Baryon-Scattering Dark Matter (BSDM) . . . . . . . . . . . . . . . . . . . . . . . . . . 9
 2.2 Field Dark Matter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
 2.3 Compact Objects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
 3 Dark Matter Probes 16
 3.1 Minimum Halo Mass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
 3.1.1 Milky Way Satellite Galaxies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
 3.1.2 Stellar Stream Gaps . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
 3.1.3 Strong Lensing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
 3.1.4 Satellite Joint Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
 3.2 Halo Profiles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
 3.2.1 Dwarf Galaxies as Lenses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
 3.2.2 Galaxy Clusters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
 3.3 Compact Object Abundance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
 3.3.1 Microlensing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
 3.4 Anomalous Energy Loss Mechanisms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
 3.4.1 White Dwarf Luminosity Function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
 3.4.2 Globular Cluster Stars . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
 3.4.3 Massive Stars and Core-Collapse Supernovae . . . . . . . . . . . . . . . . . . . . . . . . 51
 3.5 Large-Scale Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

Page 7
                        
                        

vi
 4 Complementarity with Other Programs 56
 4.1 Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
 4.1.1 Milky Way Satellite Galaxies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
 4.1.2 Stellar Streams . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
 4.1.3 Galaxy Clusters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
 4.2 High-Resolution Imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
 4.2.1 Astrometric Microlensing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
 4.2.2 Strong Microlensing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
 4.2.3 Merging Galaxy Clusters and Cluster Subhalos . . . . . . . . . . . . . . . . . . . . . . . 61
 4.2.4 Strong Gravitational Lensing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
 4.3 Indirect Detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
 4.3.1 Milky Way Satellite Galaxies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
 4.3.2 Cross-Correlation with Gamma Rays . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
 4.3.3 Axion-like Particles from Supernovae . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
 4.4 Direct Detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
 4.4.1 Local Dark Matter Distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
 4.4.2 Cosmic Baryon Scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
 5 Discovery Potential 70
 5.1 Compact Object Discovery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
 5.2 WDM/SIDM Discovery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
 5.3 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
 LSST Dark Matter

Page 8
                        
                        

1
 IntroductionAlex Drlica-Wagner, Keith Bechtol, Annika H. G. Peter, Yao-Yuan Mao
 The fundamental nature of dark matter, which constitutes ∼ 85% of the matter density and ∼ 26%of the energy density of the universe, represents a critical gap in our understanding of fundamentalphysics. Over the past several decades, experimental searches for non-baryonic particle darkmatter have proceeded along several complementary avenues (Figure 1). Collider experiments(e.g., ATLAS and CMS at the LHC) attempt to produce and detect dark matter particles, whiledirect detection experiments (e.g., LUX, LZ, XENON1T, SuperCDMS, ADMX, PICO, DAMiC,SENSEI, CRESST) attempt to directly detect energy deposition from very rare scattering betweendark matter and Standard Model particles. In parallel, indirect dark matter searches (e.g., Fermi-LAT, AMS-02, HESS, CTA, HAWC, Chandra, XMM) seek to detect the energetic Standard Modelproducts from the annihilation or decay of dark matter particles in situ in astrophysical systems.Despite these extensive efforts, the only robust, positive empirical measurements of dark matter todate come from astrophysical and cosmological observations.
 Astrophysics and cosmology offer a complementary technique to study the fundamental propertiesof dark matter. They probe dark matter directly through gravity, the only force to which dark matteris known to couple. On large scales, observational data is well described by a simple model ofstable, non-relativistic, collisionless, cold dark matter (CDM). However, many viable theoreticalmodels of dark matter predict observable deviations from CDM, which are testable with currentand future experimental programs. Fundamental properties of dark matter—e.g., particle mass,self-interaction cross section, coupling to the Standard Model, and time-evolution—can imprintthemselves on the macroscopic distribution of dark matter in a detectable manner.
 In addition, astrophysical observations complement particle physics searches by providing inputto direct and indirect dark matter experiments, and by enabling alternative tests of dark matter’snon-gravitational coupling to the Standard Model. For example, astrophysical observations can beused to i) measure the local distribution of dark matter, an important variable for direct searches,ii) highlight regions of high dark matter density for targeting indirect searches, and iii) identifyastronomical objects that can lead to tight constraints on the range of dark matter particle mass andelectric charge for a specific dark matter model. As the most widely studied CDM particle model,the weakly interacting massive particle (WIMP), becomes more and more tightly constrained,astrophysical observations will provide critical information to help direct future particle physicssearches. In many cases, observations with telescopes provide the only robust, empirical constraintson the viable range of dark matter models.
 At the same time, there is immense dark matter discovery potential at the intersection of particlephysics and astrophysics. Detecting a deviation from the gravitational predictions of CDM would
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Introduction 2
 provide much-needed experimental guidance on parameters that are not easily measured in particlephysics experiments (e.g., dark matter self-interaction cross sections). Likewise, results fromparticle experiments can suggest specific deviations from the CDM paradigm that can be testedwith astrophysical observations. The expanding landscape of theoretical models for dark matterprovides strong motivation to explore dark matter parameter space beyond the current sensitivityof the high-energy physics program.
 The Large Synoptic Survey Telescope (LSST) is a next-generation wide-area optical surveyinstrument that will probe the fundamental physics of dark matter and dark energy with precisecosmological measurements (Ivezić et al., 2008; Zhan & Tyson, 2018). Following on predecessorssuch as the Sloan Digital Sky Survey (SDSS) and the Dark Energy Survey (DES), LSST promises togreatly enhance our knowledge of the dark sector of the universe. LSST will measure the propertiesof dark matter over a wide range of astrophysical scales, thereby testing a wide variety of particlephysics models (Table 1-1). At the largest scales, LSST will use gravitational weak lensing andthe large-scale clustering of galaxies to trace the distribution of dark matter. The profiles of darkmatter halos associated with galaxies and clusters of galaxies can be used to test self-interactingdark matter models. Measurements of the small-scale clustering of dark matter, traced by thefaintest galaxies and via gravitational perturbations in strong lenses and stellar tracers, will enableconstraints on warm and ultra-light dark matter models. In addition, the temporal componentof the LSST “wide, fast, deep” survey will open a new window on the search for compact darkmatter, such as primordial black holes (PBHs). LSST will provide a rich scientific data set that canbe used to develop novel and unanticipated constraints on dark matter properties through precisemeasurements of physical processes, such as anomalous energy loss in stars that could be producedby axion-like particles.
 In this white paper, we present several techniques that LSST will employ to probe the fundamentalproperties of dark matter. In Section 2 we discuss several theoretical models of dark matterthat can be constrained by LSST. In Section 3 we present several observational probes of noveldark matter physics, and the measurements that LSST will make to access these probes. Manyastrophysical measurements require collaborative observations between several instruments, andthe study of dark matter with LSST is no exception. Thus, in Section 4, we discuss situations whereLSST will complement other astrophysical and particle investigations of dark matter. Finally, inSection 5 we present two scenarios of dark matter discovery with LSST. Rather than presenting acomprehensive review of astrophysical probes of dark matter (e.g., Buckley & Peter, 2018) or anextensive discussion of any particular dark matter model (e.g., Tulin & Yu, 2018), we choose tofocus on what we believe are some of the most exciting opportunities to study dark matter physicswith LSST. Our goal is to demonstrate that LSST will not only provide exciting results on thenature of dark matter, but that observations from LSST are critical to guide future particle physicssearches.
 LSST Dark Matter
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Introduction 3
 Dark Matter
 Nuclear Matter quarks, gluons
 Leptons electrons, muons,
 taus, neutrinos
 Photons, W, Z, h bosons
 Other dark particles
 Astrophysical Probes
 DM DM
 DM DM
 Particle Colliders
 SM DM
 SM DM
 Indirect Detection
 DM SM
 DM SM
 Direct Detection
 DM DM
 SM SM
 Figure 1. Dark matter may have non-gravitational interactions, which can be probed by four complementaryapproaches: direct detection, indirect detection, particle colliders, and astrophysical probes. The lines connect theexperimental approaches with the categories of particles that they most stringently probe (additional lines can be drawnin specific model scenarios). Figure taken from the Snowmass CF4 Report (Bauer et al., 2015).
 Model Probe Parameter Value
 Warm Dark Matter Halo Mass Particle Mass m ∼ 18 keVSelf-Interacting Dark Matter Halo Profile Cross Section σSIDM/mχ ∼ 0.1–10 cm2/ gBaryon-Scattering Dark Matter Halo Mass Cross Section σ ∼ 10−30 cm2
 Axion-Like Particles Energy Loss Coupling Strength gφe ∼ 10−13
 Fuzzy Dark Matter Halo Mass Particle Mass m ∼ 10−20 eVPrimordial Black Holes Compact Objects Object Mass M > 10−4MWeakly Interacting Massive Particles Indirect Detection Cross Section 〈σv〉 ∼ 10−27 cm3/ sLight Relics Large-Scale Structure Relativistic Species Neff ∼ 0.1
 Table 1-1. Probes of fundamental dark matter physics with LSST. Classes of dark matter models are listed in Column1, and the primary observational probe that is sensitive to each model is listed in Column 2. The corresponding darkmatter parameters are listed in Column 3, and estimates of LSST’s senstivity to each parameter are listed in Column 4.
 LSST Dark Matter
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 Dark Matter ModelsSimeon Bird, Kimberly K. Boddy, Matthew Buckley, George Chapline, Francis-Yan Cyr-Racine,WilliamA.Dawson, AlexDrlica-Wagner, JuanGarcía-Bellido, MaurizioGiannotti, VeraGluscevic,Nathan Golovich, Manoj Kaplinghat, Samuel D. McDermott, Michael Medford, Manuel Meyer,Annika H. G. Peter, Chanda Prescod-Weinstein, Oscar Straniero, Hai-Bo Yu
 In this section, we provide a brief review of several theoretical models of dark matter with a specificfocus on the properties of these models that can be explored by LSST. We divide the domain ofmodels into three different categories. We first discuss reasonablyminimal extensions of the popularcold, collisionless particle dark matter paradigm (Section 2.1). We then extend our discussion tomuch lighter axion-like particle and wave-like dark matter (Section 2.2). Finally, we discuss thepotential to constrain alternative compact dark matter models, with a focus on primordial blackholes (Section 2.3). We stress that exploring a broad theoretical landscape with LSST is stronglymotivated by the lack of an experimental discovery of a conventional CDM particle candidate.
 2.1 Particle Dark Matter
 Hai-Bo Yu, Matthew Buckley, Vera Gluscevic, Kimberly K. Boddy, Francis-Yan Cyr-Racine, AnnikaH. G. Peter, Manoj Kaplinghat, Alex Drlica-Wagner
 The standard ΛCDM cosmological model assumes that dark matter is fully nonrelativistic andinteracts purely via gravitational interactions during the process of structure formation. However,a significant dark matter thermal velocity dispersion or the presence of large non-gravitationalinteractions in the dark sector, such as dark matter self-interactions, couplings to other dark sectorparticles, or couplings to Standard Model particles, can alter the distribution of dark matter in waysthat are observable with LSST. Here we focus on three representive minimal extensions to CDM –warm dark matter (WDM), self-interacting dark matter (SIDM), and baryon-scattering dark matter(BSDM) – to demonstrate how measurements of the distribution of dark matter can be used toconstrain its micro-physical particle properties. We leave an in-depth discussion of the particlephysics responsible for producing these models to the literature; however, we do attempt to connectastrophysical observables to specific terms in the interaction Lagrangian for each model.
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 2.1.1 Warm Dark Matter (WDM)
 In the standard thermal dark matter paradigm, primordial inhomogeneities in the matter densityfield are washed out by collisional damping and free streaming of particle dark matter (Hofmannet al., 2001; Green et al., 2004; Bertschinger, 2006; Loeb & Zaldarriaga, 2005). For a canonical100GeV thermal relic dark matter particle (e.g., the WIMP; Steigman & Turner, 1985; Jungmanet al., 1996), these processes erase cosmological perturbations with M ≤ 10−6M (i.e., Earth mass;Green et al., 2004; Diemand et al., 2005). Lighter particles continue to free stream until later times,thus suppressing the formation of structure at higher mass scales (e.g., structure formation occursbottom-up for scales larger than the free-streaming scale and top-down for scales smaller than thefree-streaming scale). Because these particles are created while they are semi-relativistic, they areconventionally referred to as warm dark matter (WDM) (Bond & Szalay, 1983; Bode et al., 2001;Dalcanton & Hogan, 2001). WDM constitutes a subclass of sub-GeV dark matter candidates.
 One well-motivated WDM candidate is a sterile neutrino, νs, with a mass in the keV range (e.g.Abazajian, 2017; Adhikari et al., 2017). The most relevant Lagrangian term in this case is simplythe Majorana mass term,
 L ⊃ −12
 Msνsνs. (2.1)
 Interestingly, such a sterile neutrino typically mixes with active Standard Model neutrinos (e.g.,Asaka et al., 2005), allowing the former to decay and leading to a potentially observable X-raysignal (e.g., Abazajian et al., 2001). A possible hint of such a signal has been found in deep X-raydata in the form of a narrow 3.5 keV line (Boyarsky et al., 2014; Bulbul et al., 2014; Boyarsky et al.,2015; Iakubovskyi et al., 2015), which has prompted renewed interest in understanding structureformation in WDM cosmologies (e.g., Lovell et al., 2014; Bose et al., 2017; Bozek et al., 2019).Generally speaking, both the sterile neutrino mass and its thermal history play an important role indetermining the small-scale dark matter distribution within any given particle model. For instance,at a fixed particle mass, a species created in the early universe with a velocity distribution that isskewed towards low-momentum particles (e.g., Shi & Fuller, 1999; Venumadhav et al., 2016) willdisplay less free-streaming damping of cosmological structure than a species with a thermal (i.e.,Fermi-Dirac) distribution. To avoid ambiguity, it is customary to quote WDM constraints simplyin terms of a particle mass mWDM, assuming that the DM followed a thermal distribution at earlytimes.
 The free-streaming scale can be approximated by the (comoving) size of the horizon when theWDM particles become nonrelativistic. Astrophysical constraints on WDM are generally placedby observing the smallest gravitationally bound darkmatter halos. In particular, the half-modemass(the scale at which the dark matter transfer function is reduced by half) represents a characteristichalo mass scale below which halo abundances are suppressed sufficiently to yield observableconsequences. The half-mode halo mass, Mhm, is related to the WDM thermal relic particle mass,mWDM, by (e.g. Schneider et al., 2012; Bullock & Boylan-Kolchin, 2017)
 Mhm = 5.5 × 1010(mWDM
 1keV
 )−3.33M . (2.2)
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2.1 Particle Dark Matter 6
 Thus, an observed suppression in the abundance of dark matter halos smaller than Mhm couldsignify the existence of a thermal dark matter particle with mass
 mWDM = 3.33(
 Mhm
 109M
 )−0.3keV. (2.3)
 It is important to remember that mWDM is the thermal-relic-equivalent particle mass. Translatingmeasurements of the halo mass function to constraints on the particle mass for a specific WDMmodel depends on the specific mapping between particle mass and the early-time momentumdistribution.
 Measurements of the Lyman-α forest (e.g. Viel et al., 2013; Iršič et al., 2017b) and ultra-faint satellitegalaxies (e.g. Jethwa et al., 2018; Kim et al., 2018) place lower bounds on the mass of thermallyproduced WDM particles at ∼ 3–5 keV, corresponding to a halo mass scale of ∼ 108 − 109M. Thesensitivity and wide-area coverage of LSST has the potential to extend measurements of the darkmatter halo mass function by three orders of magnitude, down to ∼ 106M (Section 3.1). Theseobservations have the potential to constrainWDMparticle masses mWDM & 18 keV, thus effectivelytesting putative signatures of keV-mass sterile neutrinos.
 2.1.2 Self-Interacting Dark Matter (SIDM)
 The self-interacting dark matter (SIDM) paradigm posits additional interactions in the dark sector(e.g., Carlson et al., 1992; Spergel & Steinhardt, 2000; Davé et al., 2001; Firmani et al., 2000), whichallow energy and momentum exchange between particles within dark matter halos (see Tulin & Yu,2018, for a recent review). The figure of merit for dark matter halo structure is the cross section perdark matter particle mass, σSIDM/mχ. Dark matter self-interactions with cross sections per massroughly equivalent to the strong nuclear force (σSIDM/mχ ∼ 1 cm2 g−1) would imply O(1) energyexchange in the central regions of halos within the age of the universe (Vogelsberger et al., 2012;Zavala et al., 2013; Peter et al., 2013; Rocha et al., 2013). This would thermalize the inner regions ofdarkmatter halos—where visible baryonic matter resides—with observational consequences (e.g.Kaplinghat et al., 2014). For low-surface brightness galaxies, SIDM thermalization leads to a coredinner density profile, in contrast to the cupsy profiles predicted in CDM. For high-surface brightnessgalaxies, thermalization leads to a small core and more concentrated SIDM distribution becauseof the presence of the baryonic potential (Kaplinghat et al., 2016). It has been shown that SIDMcan explain both the diversity and uniformity of galaxy rotation curves, for σSIDM/mχ & 1 cm2 g−1
 on galaxy scales (Kamada et al., 2017; Creasey et al., 2017; Ren et al., 2018). This diversity ofproperties within SIDM halos also extends to galaxy cluster scales (Robertson et al., 2018b).
 Large self-interaction cross sections are required to modify galactic structure, and such crosssections suggest either strongly-coupled systems (e.g., Frandsen et al., 2011; Hochberg et al., 2014,2015) or a light mediator with perturbative couplings (e.g., Feng et al., 2009; Ackerman et al., 2009;Kaplan et al., 2010; Feng et al., 2010; Buckley & Fox, 2010; Loeb & Weiner, 2011; Tulin et al.,2013b,a; Schutz & Slatyer, 2015; Blennow et al., 2017). An interesting example of the latter type
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2.1 Particle Dark Matter 7
 of model would be to charge dark matter under a U(1) gauge symmetry. Exchange of the gaugeboson (a “dark photon”) then mediates self-interactions, analogous to Rutherford scattering. Aphenomenologically similar model replaces the vector mediator with a light scalar. The interactionLagrangian is then described by
 Lint =
 gχ χγ
 µχφµ (vector mediator)gχ χ χφ (scalar mediator) ,
 (2.4)
 where χ is the dark matter particle (which we assume to be a fermion for concreteness), φ isthe mediator, and gχ is the coupling constant. In the non-relativistic limit, self-interactions aredescribed by the Yukawa potential
 V(r) = ±αχ
 re−mφr, (2.5)
 where αχ = g2χ/4π. In order for annihilation through the mediator to not deplete the dark matter
 relic abundance during the early universe, it may be necessary to assume asymmetric dark matter(that is, dark matter which is composed mainly of χ, with a minimal admixture of χ). In thatcase, the vector mediator would provide only a repulsive potential (“+” in Eq. 2.5), while the scalarmediator would have an attractive potential (“−”).
 In these light mediator models, the self-scattering cross section generally depends on the relativevelocity of colliding dark matter particles, vrel, and scattering is not isotropic. In practice, weoften consider the transfer (viscosity) cross section, defined as σT =
 ∫dΩ(1 − cos θ)dσ/dΩ
 (σV =∫
 dΩ sin2 θdσ/dΩ), to regulate small-angle scatterings and use them as a proxy to matchto SIDM N-body simulations with a constant cross section for a given halo-mass scale (Tulinet al., 2013a; Kahlhoefer et al., 2014). The overall feature of the velocity dependence predictedin the models can be summarized as follows. When the momentum transfer is much larger thanthe mediator mass, the scattering is in the Rutherford limit, i.e., σSIDM/mχ ∝ v−4
 rel . While in theopposite limit, mχvrel mφ, σSIDM/mχ is nearly a constant. If the scattering is in the quantumresonant regime for χ- χ collisions, mχvrel ∼ mφ, σSIDM/mχ ∝ v−2
 rel . Since large dark matter haloshave much larger dark matter velocities compared to smaller halos, observations from differentscales, ranging from dwarf galaxies to galaxy clusters, provide important tests of these models.
 There are numerous observations that are sensitive to dark matter self scattering (e.g., Table 1 inTulin & Yu, 2018). Notably, merging galaxy clusters, such as the Bullet cluster (Randall et al.,2008; Robertson et al., 2017b), have been used to put an upper bound on the self-interaction crosssection at large particle velocities (e.g., Kahlhoefer et al., 2014, 2015; Kim et al., 2017; Harveyet al., 2017b; Robertson et al., 2017a; Wittman et al., 2018), yielding σSIDM/mχ . 2 cm2 g−1 forvrel ∼ 1000–4000 km s−1. Moreover, observations from well-relaxed galaxy clusters (Newmanet al., 2011, 2013a,b) show σSIDM/mχ ∼ 0.1 cm2 g−1 for vrel ∼ 1500 km s−1 to be consistentwith their inferred core sizes (Kaplinghat et al., 2016; Andrade et al., 2019). The diversityof rotation curves observed in spiral galaxies can be explained by dark matter scattering withσSIDM/mχ & 1 cm2 g−1 in the range of vrel ∼ 50–200 km s−1. For these spiral galaxies, the largecross section is driven by galaxies with a high density core. In contrast, high surface brightness
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 Figure 2. Velocity-weighted self-interaction cross section per unit mass as a function of average relative particle velocityin a halo. Data points fromastrophysical observations correspond to dwarf galaxies (red), low-surface-brightness galaxies(blue), and galaxy clusters (green). Diagonal lines show constant values of σSIDM/mχ . Gray points are fits to mock datafrom SIDM simulations, with fixed σSIDM/mχ = 1 cm2 g−1. Figure taken from Kaplinghat et al. (2016).
 galaxies are baryon-dominated in their central regions and are thus effectively insensitive to thevalue of σSIDM/mχ (Kamada et al., 2017; Ren et al., 2018).
 Velocity-dependent SIDMmodels with σSIDM/mχ & 1 cm2 g−1 in dwarf galaxies and σSIDM/mχ ∼0.1 cm2 g−1 in galaxy clusters are able to fit existing observational data (Figure 2). This result hasimportant implications for the particle properties of SIDM. For instance, consider the dark photonmodel given in Eq. (2.4) and assume αχ = 1/137 to match the fine structure constant in the visiblesector, we can determine mχ ≈ 15 GeV and mφ ≈ 17 MeV (Kaplinghat et al., 2016) and even inferthe production mechanism of SIDM in the early universe (Huo et al., 2018). Since LSST will probescales ranging from the largest galaxy clusters to the smallest dwarf galaxy, it will be able to detectthe influence of scattering cross sections at the level of σSIDM/mχ ∼ 0.1–1 cm2 g−1 over a widerange of velocities. Thus, LSST will significantly improve our understanding of the self-interactingnature of dark matter.
 It is also natural to expect that SIDM has a modified matter power spectrum compared to CDM. Forinstance, in SIDM models where the dark matter particle couples to a massless particle in the earlyuniverse, either directly or through a light mediator, the tight coupling between dark matter anddark radiation can lead to dark acoustic oscillations (Cyr-Racine & Sigurdson, 2013; Cyr-Racineet al., 2014), resulting in a suppressed and oscillatory power spectrum (e.g. Carlson et al., 1992;Bœhm et al., 2002; Boehm & Schaeffer, 2005; Feng et al., 2009; van den Aarssen et al., 2012).It has been shown that realistic realizations of SIDM strongly prefer such a scenario (Huo et al.,2018).
 To see the reach of LSST on the SIDM damping effect, we estimate the cut-off scale on the fieldhalo mass due to the dark acoustic oscillations as Mcut ≈ 0.7 × 108(keV/Tkd)3M (Vogelsberger
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2.1 Particle Dark Matter 9
 et al., 2016), where Tkd is the kinetic decoupling temperature. For SIDM models, where a darkmatter particle (χ) couples to a massless fermion ( f ) via a light mediator (φ), Tkd is given by (vanden Aarssen et al., 2012; Cyr-Racine et al., 2016)
 Tkd ≈1.38 keV√gχg f
 ( mχ
 100 GeV
 ) 14( mφ
 10 MeV
 ) ( g?
 3.38
 ) 18(0.5ξ
 ) 32
 , (2.6)
 where g f is the ξ– f coupling constant, g? the is the number of massless degrees of freedomat decoupling and ξ parameterizes the ratio of dark-to-visible temperatures. Huo et al. (2018)recasts the Lyman-α bound on WDM to set upper limit on the decoupling temperature Tkd &1 keV, corresponding to the minimal halo mass ∼ 108M. Since LSST has the potential to extendmeasurements of the dark matter halo mass function by three orders of magnitude (Section 3.1), theexpected sensitivity on the decoupling temperature is Tkd ∼ 10 keV. If LSST detects a cutoff on thehalo mass function, we can determine the corresponding Tkd and further narrow down the particleparameters contained in the Lagrangian via Eq. (2.6) after combining with the measurements ofσSIDM/mχ discussed above. Moreover, since the damping effect can also suppress the number ofsubhalos in the Milky Way, we expect LSST to provide another constraint on Tkd by providing amore complete census of ultra-faint satellites. In addition, although the acoustic damping effectmay look similar to the free-streaming one (e.g. Vogelsberger et al., 2016), distinct signatures canbe imprinted on the halo mass function (Buckley et al., 2014; Sameie et al., 2018) or the Lyman-αforest spectrum (Krall et al., 2017; Bose et al., 2018). By combining observables, including thosefrom LSST, it might thus be possible to distinguish betweenWDM and SIDMwith a dampedmatterpower spectrum due to early-universe interactions (Section 3.1.4).
 2.1.3 Baryon-Scattering Dark Matter (BSDM)
 In the standard WIMP scenario, dark matter may be directly observable through its scattering withStandard Model particles. These models are conventionally probed by direct detection experimentsthat search for scattering between dark matter particles (from the local Galactic halo) and nucleiin their detectors. These experiments are placed deep underground to provide shielding fromcosmic-ray backgrounds and achieve exquisite sensitivity for low scattering cross sections. Theseexperiments are largely insensitive to dark matter with very large scattering cross section becausesuch particles would scatter many times before reaching the experiment, thus losing most of theirkinetic energy (e.g. Zaharijas & Farrar, 2005). Thus, it is important to broadly explore parameterspace outside the standard WIMP region of interest.
 Cosmological and astrophysical observables are unique and complementary probes of baryon-scattering dark matter (BSDM) models. In particular, they are sensitive to very large (closer tonuclear-scale rather than weak-scale) scattering cross sections and sub-GeV dark matter masses,both of which are inaccessible to direct searches. Such large cross sections may arise in a number ofmodels. One such model posits that dark matter is a flavor singlet sexaquark composed of uuddssquarks (Farrar, 2017). In this case, the scattering cross section with nucleons is expected to be
 LSST Dark Matter

Page 17
                        
                        

2.1 Particle Dark Matter 10
 geometric, though velocity-dependent enhancements may exist at very low energies, depending onthe form of the sexaquark-nucleon potential. For the sexaquark to be a viable dark matter candidate,it must be stable or have a sufficiently long lifetime; this criterion sets the sexaquarkmass to be belowa fewGeV. Alternatively, darkmatter may be charged under a dark version of electromagnetismwithfield strength Fµν, which may kinetically mix with ordinary electromagnetism (Holdom, 1986):
 L ⊃ κ
 2Fµν Fµν, (2.7)
 where κ parameterizes the strength of the mixing. In this scenario, dark matter acquires a fractionalamount of electric charge (proportional to κ and its dark charge), allowing it to scatter with electronsand protons via Coulomb interactions that have a velocity dependence of v−4. This interaction issignificant at late cosmological times, as the universe expands and themomentum ofmatter redshiftsaway.
 Instead of focusing on particular theories, it is possible to describe the low-energy scatteringprocesses of BSDMmodels with a nonrelativistic effective field theory (Fan et al., 2010; Fitzpatricket al., 2013; Anand et al., 2014). The effective Lagrangian has the form
 Leff(®x) = cΨ∗χ(®x)OχΨχ(®x)Ψ∗N (®x)ONΨN (®x), (2.8)
 where Ψ(®x) are the nonrelativistic fields for the dark matter, χ, and nucleon, N . Dark matterexperiments seek to constrain and measure the coefficient c for a variety of possible operators Oχand ON that encode the BSDM physics. However, regardless of the specific underlying BSDMmodel, cosmological observables are sensitive only to the magnitude (which scales as c2) andvelocity dependence of the cross section. Thus, while laboratory searches for dark matter typicallyrely on assumptions about the detailed form of the interaction, cosmology offers very broad andgeneric probes of dark matter physics.
 In a cosmological setting, scattering results in the exchange of momentum between the dark matterand the baryon fluids. The momentum transfer induces a drag force, which suppresses structureincreasingly at smaller scales. The effect of scattering is qualitatively similar to a cutoff in thematterpower spectrum arising in the WDM and SIDM scenarios (Figure 3). This feature can be soughtwith tracers of matter on all observable scales. The best cosmological and astrophysical limits so farcome from CMB temperature, polarization, and lensing anisotropy measurements (Xu et al., 2018;Boddy & Gluscevic, 2018; Gluscevic & Boddy, 2018; Boddy et al., 2018; Slatyer & Wu, 2018),cosmic-ray observations (Cappiello et al., 2018), and Lyman-α-forest measurements (Dvorkin et al.,2014; Xu et al., 2018). LSST will probe the matter power spectrum on even smaller scales, throughsubstructure measurements from dwarf galaxies in the Local Volume, gaps in stellar streams, galaxystrong lensing, and galaxy-galaxy weak lensing; such observations will substantially extend currentexperimental sensitivity to BSDM models.
 As an example, a measurement of the minimum halo mass translates into an upper limit on thedark matter-proton interaction cross section, based on the corresponding cutoff in the matter powerspectrum P(k). Figure 3 shows how the position of the cutoff in the linear P(k) varies as a functionof the interaction cross section. For example, a lower limit on the cutoff of kcutoff ∼ 10/Mpc
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 Figure 3. Residuals in the linear matter power spectrum between the CDM case and a case where dark matter has avelocity-independent, spin-independent scattering with protons. The dark matter particle mass is set to 1 MeV, and allother cosmological parameters are set to their best-fit Planck 2015 values (Planck Collaboration et al., 2016). Differentresidual curves display cutoffs at different angular scales, controlled by the magnitude of the interaction cross section.The highest cross section shown corresponds to the current 95% confidence-level upper limit inferred from analyses ofCMB data (Gluscevic & Boddy, 2018; Boddy & Gluscevic, 2018).
 roughly corresponds to an upper limit on the cross section which is 100 times more stringent thanthe current limit from CMB searches. Using limits on WDM as a proxy for a suppressed P(k), aminimum halo mass of ∼ 106M would imply an improvement of roughly five orders of magnitudecompared to the best current cosmological limits on the interaction cross section.
 2.2 Field Dark Matter
 Chanda Prescod-Weinstein, Samuel D. McDermott, Oscar Straniero, Maurizio Giannotti, AlexDrlica-Wagner, Manuel Meyer
 While current observations of the matter power spectrum constrain the minimummass of thermallyproduced dark matter, other mechanisms can produce dark matter with significantly lower masses.The landscape of light dark matter candidates is vast, and in this section, we specifically focus onthe class of axion-like particle (ALP) dark matter candidates. ALP models span a wide range ofviable parameter space (both in coupling strength andmass), andmany of the observables describedin this section can be generically applied to a broader class of light scalar particles.
 The ALP paradigm was inspired by the QCD axion, which arises as a by-product of the mostsuccessful solution to the Strong CP Problem in the Standard Model (Peccei & Quinn, 1977). Thecosmological abundance of axions is set by the Peccei-Quinn symmetry breaking scale, fφ, with avalue
 Ωφ ∼(
 fφ1011−12 GeV
 )7/6. (2.9)
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 This expression may be altered due to the temperature-dependence of the axion mass and ignoranceabout whether the Peccei-Quinn symmetry breaks before or after inflation. QCD theory gives noa priori prediction for the axion mass; however, in the context of dark matter composed of QCDaxions, the axion mass is considered to be mφ < 10−3 eV. If the initial misalignment angle is orderunity, this yields a QCD axion mass of mφ ∼ 10−5 eV. The broader category of ALPs possess QCD-axion-like potentials producing light scalar particles that obey a shift symmetry (φ → φ + 2πn),but do not obey the same coupling between particle mass and symmetry breaking scale. ALPs canbe motivated by string theory, where there are many moduli with axion-like potentials, and canproduce a range of astrophysical phenomenology. ALPs may be non-thermally produced in theearly universe and survive as a cold dark matter population until today (e.g. Arias et al., 2012).
 There has been significant debate in the literature about the astrophysical phenomenology of theQCD axion and ALPs. Sikivie & Yang (2009) noted that because the axion is a scalar withhigh abundance in the early universe (circa matter-radiation equality), the axion could potentiallysettle into a Bose-Einstein condensate (BEC) state, whereby all particles can be described usingone coherent ground state wave function. Furthermore, Sikivie & Yang (2009) argue that duringthe radiation-dominated era, axions will rethermalize into BECs with a Hubble-scale correlationlength. This could produce significant observational implications, such as several-kpc-scale causticstructures observable in the stellar distributions of the Milky Way and other low-redshift galaxies(e.g., Natarajan & Sikivie, 2006; Duffy & Sikivie, 2008; Rindler-Daller & Shapiro, 2014).
 On the other hand, Guth et al. (2015) argue that a particle such as the QCD axion, which hasan attractive self-interaction, will not sustain Hubble-scale correlations in an attractive potential.Instead, Guth et al. (2015) predict that axions will form coherent clumps that have been called“Axion stars” or “Bose stars” (e.g. Kolb & Tkachev, 1993).1 Looking beyond the QCD axion, someALP models suggest that compact BEC “miniclusters” could form and grow to & 1M, at whichpoint they may be detectable by LSST through mergers with other compact objects (Dietrich et al.,2019) or through microlensing (Fairbairn et al., 2018), as discussed in Section 3.3.
 Additional astrophysical constraints onALPs generally come fromproposed couplingswith photonsand/or electrons. For example, the Lagrangian can be expressed as
 L = −12∂µφ∂
 µφ +12
 m2φφ
 2 − 14gφγFµν Fµνφ − gφe
 ∂µφ
 2meψeγ
 µγ5ψe, (2.10)
 where gφγ is the photon-axion coupling, gφe is the axion-electron coupling, Fµν is the electromag-netic field tensor (and F its dual), and ψe is the electron field (e.g. Barth et al., 2013; Redondo,2013).2 For sufficiently large couplings to photons or electrons, the ALP can manifest as anadditional anomalous energy loss mechanism, transporting energy out of the interiors of stars (e.g.,Raffelt, 1990). This energy loss could affect the evolution of stars, for example altering the lifetimesof giant stars (Ayala et al., 2014; Viaux et al., 2013b,a) or the cooling rate of white dwarf stars(Isern et al., 2008). The precise photometry of LSST will provide sensitive measurements of stellar
 1For the QCD axion it would be more appropriate to call these “axteroids” (a term coined by Anna Watts) due to their mass of ∼ 10−11M(Tkachev, 1991; Braaten & Zhang, 2018).
 2Additional couplings to nucleons are allowed, but are not relevant for the LSST observations discussed here.
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2.3 Compact Objects 13
 populations to search for deviations from the predictions of standard stellar evolutionary models(Section 3.4).
 Astrophysical observations place the only known lower bound on the mass of ALPs and othernon-thermally produced ultra-light particles, commonly described as “fuzzy” dark matter (FDM;e.g., Hu et al., 2000; Hui et al., 2017). The de Broglie wavelength of these particles is constrainedto be smaller than the size of the smallest galaxy, O(1 kpc), setting a lower limit on particle massat mφ & 10−21 eV (Iršič et al., 2017a). In addition, FDM is predicted to produce solitonic cores inthe centers of halos, which would measurably affect the velocity profiles of dark-matter dominatedgalaxies (Robles & Matos, 2012; Robles et al., 2019; Schive et al., 2014; Du et al., 2017). Darkmatter substructure is predicted to be less abundant in FDM than its CDM counterpart due toquantum interference effects. This is similar to the case of WDM, and again dark matter propertiescan be constrained through mesurements of the least massive dark matter halos. CombiningEquation 8 ofArmengaud et al. (2017)with Equation 2.2 in Section 2.1.1, we can express constraintson the minimum FDM mass, mφ, as a function of the half-mode halo mass, Mhm:
 Mhm = 1.2 × 1011( mφ
 10−22 eV
 )−1.4M, (2.11)
 or expressed in terms of mφ,
 mφ = 3.1 × 10−21(
 Mhm
 109M
 )−0.71eV. (2.12)
 LSST will be sensitive to light bosonic dark matter with mass mφ ∼ 10−20 eV by probing the powerspectrum of dark matter halos with half-mode mass of Mhm ∼ 108M. Sensitivity to heavierbosonic particles (mφ > 10−19 eV) would be possible through the detection of even smaller halos(∼ 106M).
 2.3 Compact Objects
 Simeon Bird, Juan García-Bellido, George Chapline, William A. Dawson, Nathan Golovich,Michael Medford
 Compact objects, particularly black holes formed in the early universe, represent one of the oldestand most venerable models of dark matter. Primordial black holes could originate from small-scaledensity fluctuations during the era of inflation. The same fluctuations that lay down the seeds ofgalaxies, if boosted on small scales, can lead to some small areas having a Schwarzschild masswithin the horizon, which spontaneously collapse to form black holes. Because these black holesdo not accrete or radiate strongly (at the time of formation there is no gas to form an accretion disc),they are a natural candidate for dark matter (Carr & Hawking, 1974; Meszaros, 1974; Chapline,1975; García-Bellido et al., 1996; Carr et al., 2016a).
 Compact object dark matter is fundamentally different from particle models; primordial blackholes cannot be studied in an accelerator and can only be detected through their gravitational force.
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 Current constraints suggest that primordial black holes do not make up all of darkmatter (e.g. Sasakiet al., 2018). However, these constraints may be evaded if PBHs are spatially clustered (Clesse& García-Bellido, 2015, 2018). Moreover, primordial black holes are one possible source of themerging 30M black holes recently detected by LIGO (Bird et al., 2016; Clesse & García-Bellido,2017). This possibility has rekindled interest in these objects, both as a source of dark matter andin their own right.
 Limits on the abundance and mass range of primordial black holes are wholly observational. Theblack hole mass is set by the mass enclosed within the horizon at the time of black hole collapseand thus ranges between 10−18M (1015 g), below which the black hole would evaporate, and109M (1042 g), above which structure formation, Big Bang Nucleosynthesis and the formationof the microwave background would be severely affected (Sasaki et al., 2018). For stellar massblack holes, the gold standard for detecting compact objects is microlensing. Current microlensingconstraints set limits on the black hole abundance at the level of 10% for black holes 0.01 − 10M(however, see Calcino et al., 2018). LSSTwill revolutionize the astrometricmicrolensing technique,constraining the abundance of primordial black holes to a level of 10−4 of the dark matter over awide range of masses (Section 3.3).
 As primordial black holes form directly from the primordial density fluctuations, a measurement oftheir abundance would directly constrain the amplitude of density fluctuations (Carr & Hawking,1974; Meszaros, 1974). Although these constraints are several orders of magnitude weaker than,for example, those from the microwave background, they probe small scales between k = 107−1019
 h/Mpc, much smaller than those measured by other current and future probes (Bringmann et al.,2012). Because these scales are highly non-linear in the late-time universe, there is no otherpossible constraint; the information present at early times has been washed away by gravitationalevolution. Primordial black holes are thus a probe of primordial density fluctuations in a rangethat is inaccessible to other techniques (Josan et al., 2009; García-Bellido, 2017; García-Bellido,2018). These curvature fluctuations are imprinted on space-time hypersurfaces during inflation, atextremely high energies, beyond those currently accessible by terrestrial and cosmic accelerators.Our understanding of the universe at these high energies, of order 1015 GeV and above, comespredominantly from extrapolations of known physics at the electroweak scale. Measurements ofthe primordial density fluctuations via the abundance of primordial black holes would provideunique insights into physics at these ultra-high energies.
 Furthermore, it may be possible for LSST to constrain the existence of ultra-compact mini-halosusing correlated microlensing signals (Erickcek & Law, 2011; Li et al., 2012). These objectsarise from initial overdensities that are too small to collapse into primordial black holes. Theseoverdensities still collapse at high redshift to form low-mass halos; thus, since these objectsform early and have few mergers (Bringmann et al., 2012; Delos et al., 2018), they have a highconcentration and a steeper internal density profile than the standardNavarro-Frenk-White shape. Inturn, this makes them easier to detect via lensing and harder to disrupt than standard CDM subhalos.Current constraints on these objects are highly model-dependent. In particular, they largely comefromcounting gamma-ray photons from astrophysical sources under the assumption of aWIMPdarkmatter annihilation cross-section. LSST will place new constraints on the existence of small halos
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 via micro-lensing and thereby constrain the physics of the inflaton on scales of k = 10–107h/Mpcfor the first time in a model-independent way.
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 Dark Matter ProbesArka Banerjee, Nilanjan Banik, Keith Bechtol, Kimberly K. Boddy, Ana Bonaca, Jo Bovy, Francis-Yan Cyr-Racine, Alex Drlica-Wagner, Cora Dvorkin, Denis Erkal, Christopher D. Fassnacht, DavidHendel, Yashar D. Hezaveh, Charles R. Keeton, Sergey Koposov, Ting S. Li, Yao-Yuan Mao, MitchMcNanna, Marc Moniez, Ethan O. Nadler, Andrew B. Pace, Annika H. G. Peter, Daniel A. Polin,Rogerio Rosenfeld, Nora Shipp, Louis E. Strigari, Erik Tollerud, J. Anthony Tyson, Mei-Yu Wang,Risa H. Wechsler, David Wittman
 Each of the theoretical models described in Section 2 produce one or more deviations from thepredictions of cold, collisionless, non-interacting dark matter. These “probes” of dark matterphysics include: a minimum dark matter halo mass, alterations to halo density profiles, an over-abundance of compact objects, anomalous energy loss, and unexpected correlations in large-scalestructure. In some cases, several distinct physical models of dark matter can be probed by the same(or very similar) observables (e.g., keV-mass thermal dark matter and ultra-light fuzzy dark matter).On the other hand, a single probe can manifest itself in a wide range of astrophysical systems (e.g.,changes to dark matter profile shape could be observable in the least massive galaxies and themost massive clusters of galaxies). In this section we do not attempt to provide a comprehensivediscussion of all possible astrophysical probes of dark matter physics. Rather, we focus on specificprobes and observables where LSST will have a major impact.
 3.1 Minimum Halo Mass
 Arka Banerjee, Nilanjan Banik, Keith Bechtol, Ana Bonaca, Kimberly K. Boddy, Jo Bovy, Francis-Yan Cyr-Racine, Alex Drlica-Wagner, Ana Díaz Rivero, Cora Dvorkin, Denis Erkal, ChristopherD. Fassnacht, David Hendel, Yashar D. Hezaveh, Charles R. Keeton, Sergey Koposov, Ting S. Li,Yao-Yuan Mao, Mitch McNanna, Ethan O. Nadler, Andrew B. Pace, Nora Shipp, Erik Tollerud,Mei-Yu Wang, Risa H. Wechsler
 The cold, collisionless model of dark matter makes a strong prediction that dark matter halos shouldexist down to Earth-mass scales (or below) in WIMP and non-thermal axion models (Green et al.,2004; Diemand et al., 2005; Guth et al., 2015). Several modifications to the cold, collisionless darkmatter paradigm can suppress the formation of dark matter halos on these small scales. Currentobservations provide a robust measurement of the dark matter halo mass spectrum for halos withmass > 1010M, and the smallest known galaxies provide an existence proof for halos of mass∼ 108M − 109M (Read et al., 2017; Behroozi et al., 2018; Jethwa et al., 2018; Kim et al., 2018;Nadler et al., 2018a; Read & Erkal, 2018). Extending below this halo mass threshold is challengingdue to our limited observational sensitivity to the faintest galaxies. In addition, halos with mass
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 . 108M are generally expected to host few (if any) stars (Bromm & Yoshida, 2011; Bland-Hawthorn et al., 2015), necessitating novel detection techniques that do not rely on the baryoniccontent of halos. Here we explore improvements that LSST will make in measuring the faintestgalaxies and in probing dark matter halos below the threshold of galaxy formation with stellarstreams and strongly lensed systems. We then use these improvements to forecast constraints onspecific dark matter models.
 3.1.1 Milky Way Satellite Galaxies
 Ethan O. Nadler, Keith Bechtol, Alex Drlica-Wagner, Mitch McNanna, Andrew B. Pace, Yao-YuanMao, Erik Tollerud, Risa Wechsler, Francis-Yan Cyr-Racine, Mei-Yu Wang, Kimberly K. Boddy,Arka Banerjee
 The Threshold of Galaxy Formation
 Galaxies are born and grow within dark matter halos. To first approximation, galaxies with thelargest stellar masses reside within the highest-mass dark matter halos, while fainter galaxies—which are much more numerous—occupy dark matter halos with progressively smaller typicalmasses; however, the scatter between stellar mass and halo mass is likely large in the low-massregime (see Wechsler & Tinker 2018 for a recent review). Therefore, the smallest and faintestgalaxies offer a natural place to search for extremely low-mass dark matter halos, which are inturn sensitive probes of dark matter microphysics. Another advantage of probing low-mass darkmatter halos using faint galaxies is that we can study their properties in detail, e.g., via follow-upspectroscopy (Section 4).
 The challenge in interpreting observations of faint galaxies is the complex relationship betweenbaryons and halos at this extrememass scale and the effects of baryonic physics bothwithin subhalosand on subhalo populations as a whole (e.g., D’Onghia et al., 2010; Brooks et al., 2013; Erraniet al., 2017; Garrison-Kimmel et al., 2017; Fitts et al., 2018; Brooks, 2018). Nevertheless, probingthe extreme faint end of the galaxy luminosity function is valuable both astrophysically and in termsof constraining dark matter models. For example, a driving question for near-field cosmology withLSST is how well we can use the population of Milky Way satellites to constrain the minimumdark matter halo mass necessary for galaxy formation. This “minimum halo mass" depends on thedetails of reionization and other forms of baryonic feedback that prevent gas from accreting andcooling in low-mass subhalos; however, it might also reflect a cutoff in the subhalo mass functiondetermined by the particle nature of dark matter (e.g., WDM or FDM). In particular, models thatproduce a cutoff in the matter power spectrum generally suppress the number of subhalos belowa characteristic mass threshold (Equation 2.2). Thus, the existence, abundance, and properties ofthe smallest galaxies generically lead to constraints on dark matter models that reduce small-scalepower.
 LSST Dark Matter

Page 25
                        
                        

3.1 Minimum Halo Mass 18
 7.5 8.0 8.5 9.0log10( min, true/M )
 7.5
 8.0
 8.5
 9.0
 log 1
 0(m
 in,d
 etec
 ted/M
 )Minimum Detectable Halo Mass
 SDSS 95% C.L. Upper BoundLSST 95% C.L. Interval
 10.0
 7.0
 5.0
 3.5
 mW
 DM[k
 eV]
 Figure 4. Forecast for the minimum dark matter subhalo mass probed by LSST via observations of Milky Way satellites.The red band shows the 95% confidence interval from our MCMC fits to mock satellite populations as a functionof the true peak subhalo mass necessary for galaxy formation. Note that we marginalize over the relevant nuisanceparameters associated with the galaxy–halo connection—including the effects of baryons using a model calibrated onsubhalo disruption in hydrodynamic simulations (Nadler et al., 2018b)—in our sampling. We indicate the correspondingconstraints on the warm dark matter mass assuming Mhm =Mmin (see Section 2.1.1)
 Minimum Subhalo Mass Inferred from Milky Way Satellites
 The least luminous galaxies currently known contain only a few hundred stars and have beenfound exclusively in the inner regions of the Milky Way due to observational selection effects.Although the census of Milky Way dwarf galaxies has grown from ∼ 25 to more than 50 in recentyears (e.g., with DES; Bechtol et al., 2015; Koposov et al., 2015; Drlica-Wagner et al., 2015), ourcurrent census is certainly incomplete. For example, the HSC-SSP Collaboration has detectedtwo ultra-faint galaxy candidates in the first 300 deg2 of the survey (Homma et al., 2016, 2018);these galaxies are faint and distant enough to have been undetectable in previous optical imagingsurveys. HSC is representative of the depth that will be achieved by LSST over half the sky—anarea 60 times larger than the current HSC-SSP footprint. Thus, based on the results of SDSS,HSC, DES, etc., several groups have predicted that LSST could detect tens to hundreds of newlow-luminosity Milky Way satellites, mainly at larger distances and fainter luminosities than thoseaccessible with current-generation surveys (Koposov et al., 2008; Tollerud et al., 2008; Hargis et al.,2014; Newton et al., 2018; Jethwa et al., 2018; Nadler et al., 2018a; Kim et al., 2018). In addition,novel techniques, such as the use of the correlated phase space motions of stars (Antoja et al., 2015;
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 Ciuca et al., 2018) or clustering of variable stars (Baker & Willman, 2015) could further expandthe sample of ultra-faint galaxies. LSST observations of Milky Way satellites therefore offer anexciting testing ground for dark matter models; for example, the measured abundance, luminosityfunction, and radial distribution of Milky Way satellites already place competitive constraints onwarm dark matter particle mass at the level of 3–4 keV (e.g., Jethwa et al., 2018; Kim et al., 2018).
 To relate these questions to LSST observations, we have analyzed simulated ultra-faint galaxiesas they would appear in LSST WFD coadd object catalogs to quantify LSST’s ability to detectnearby satellite galaxies. We detect ultra-faint galaxies as arcminute-scale statistical overdensitiesof individually resolved stars; in ground-based optical imaging surveys, it is often challenging toclassify low signal-to-noise catalog objects near the detection threshold as either foreground stars orunresolved background galaxies. LSST will reach depths at which the galaxy counts far outnumberstellar counts, so the search sensitivity for ultra-faint galaxies will largely be determined by ourability to accurately perform star-galaxy separation at magnitudes 24 < r < 27.5; importantly, oursensitivity analyses include these effects. We find that Milky Way satellites within 300 kpc arewell-detected with a surface brightness detection threshold of µ = 32 mag arcsec−2 (LSST ScienceCollaboration et al., 2009) and an absolute magnitude cutoff of MV = 0 mag.
 Figure 4 shows the minimum subhalo mass that LSST can probe via observations of Milky Waysatellites, obtained by folding our search sensitivity estimates through a cosmological model of theMilky Wway satellite population that predicts satellite luminosity functions, radial distributions,and size distributions that agree well with current observations. In particular, we generate manymock Milky Way satellite populations using the model presented in Nadler et al. (2018a) given a“true" value of the minimum peak subhalo virial mass necessary for galaxy formation,Mmin,true,marginalizing over the remaining galaxy–halo connection parameters. We then perform mockobservations of these generated satellite populations using the LSST selection function, and wecompare these to the true satellite populations byMCMC samplingMmin and the remaining galaxy–halo connection parameters assuming that satellite number counts are Poisson distributed in binsof absolute magnitude (see Nadler et al. 2018a for details on the fitting procedure). For each valueofMmin,true, this procedure yields a posterior distribution over the minimum halo mass inferred byLSST observations. The red band in Figure 4 illustrates the recovered 95% confidence interval as afunction ofMmin,true, and the blue dot-dashed line indicates the minimum halo mass inferred fromknown classical and SDSS-detected Milky Way satellites. For smallMmin,true, the 95% confidencelevel upper bound on the lowest detectable subhalo mass improves by a factor of ∼ 5 with LSST,from ∼ 5 × 108 M to ∼ 108 M; this translates to a lower bound of ∼ 7 keV on WDM particlemass (see Section 3.1.4 for details).
 Although we have presented a “population-based” forecast for dark matter constraints from LSST-detected ultra-faint satellites, we note that kinematic data obtained by follow-up spectroscopy ofnewly discovered satellites also offers a powerful probe of dark matter microphysics. We estimatethe number of LSST-detected Milky Way satellites that can be spectroscopically confirmed inSection 4.1, andwe forecast the constraints offered by these stellar velocity dispersionmeasurementsfor WDM and SIDM in Section 3.1.4.
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3.1 Minimum Halo Mass 20
 Further extending the sensitivity of LSST to a power spectrum cut-off on scales smaller than themass threshold for galaxy formation requires techniques that are independent of satellite luminosityand that can detect subhalos purely through their gravitational signatures. Two examples of suchprobes are described in the following subsections.
 3.1.2 Stellar Stream Gaps
 DavidHendel, Nora Shipp, Ting S. Li, Ana Bonaca, Jo Bovy, Sergey Koposov, Denis Erkal, NilanjanBanik, Andrew B. Pace
 Stellar streams, in particular the tidally disrupting remnants of globular clusters, are fragile,dynamically cold systems and are sensitive tracers of gravitational perturbations (Ibata et al.,2002; Johnston et al., 2002; Yoon et al., 2011; Carlberg, 2012). The main track of a stream in 6Dphase space is shaped primarily by the Milky Way’s global matter distribution while the detailedstructure of the stream contains information about small-scale perturbations. In particular, a darkmatter subhalo passing by the stream will provide a net velocity kick, altering the orbits of theclosest stream stars. The main observable consequence of this interaction is the formation of a gapin the density of stars along the stream; the relative depth and size of the underdensity can be usedto infer the time since the encounter and the properties of the perturber (Carlberg, 2012; Erkal &Belokurov, 2015a). The mass required to produce an observable gap (105–106M, Erkal et al.,2016; Bovy et al., 2017) is well below the limit where dark matter subhalos are expected to hostgalaxies. Thus, stellar streams provide one of the most exciting near-field tests of the minimumsubhalo mass.
 Current constraints on theminimum subhalomass from stream gaps are limited by the small numberof streams that are bright enough that observations can detect density variations at a useful signal-to-noise ratio. Deep and precise LSST photometry is expected to increase the contrast betweenstreams and the contaminating Milky Way field stars, to have improved star-galaxy separation,and to extend much farther down the color-magnitude diagram for known streams, dramaticallyincreasing our ability to detect density variations and thus leading to the identification of lessprominent gaps created by low-mass perturbers. Critically, with LSST we move from examiningindividual gaps into the regime where we can ask questions about subhalo population statistics andtheir (in)consistency with cold dark matter. Here we estimate the least massive subhalo that can bedetected with LSST observations of gaps in stellar streams.
 We consider a mock-stream observed at a Galactic latitude of b = −60 in the g- and r-band. Weassume the stream is old (12Gyr), metal-poor (Z = 0.0002), thin (1σ stream width of 20 pc), andcold (velocity dispersion of 1 km s−1) We generate synthetic photometry of the stream at a givenmean surface brightness (within the 1σ width) and over a range of heliocentric distances from10 to 40 kpc. Simulated stream stars are drawn from a Chabrier IMF (Chabrier, 2003), while asynthetic background of Milky Way stars is generated from the Galaxia model (Sharma et al.,2011). We add noise to the simulated photometric measurements for both the stream and Milky
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3.1 Minimum Halo Mass 21
 Figure 5. Detection limits for gaps formed from subhalos of different masses using photometry from SDSS (blue) orthe 10-year LSST stack (green) as a function of the stream surface brightness. Shaded regions correspond to a 10-40kpc distance range, with the lines representing 20 kpc. For streams with surface brightnesses similar to those found inDES, 32–33 mag arcsec−2, LSST is expected to probe halo masses two to three orders of magnitude smaller than SDSSand substantially improve the current constraints from Milky Way satellites (Nadler et al., 2018a; Jethwa et al., 2018;Kim et al., 2018) and the Lyman-α forest (Iršič et al., 2017b). We connect the detected halos to the mass of the warmdark matter particle that would produce a minimum halo of that mass using the relationship determined by Bullock &Boylan-Kolchin (2017). Note that the halo mass definition used here is the z = 0 virial mass; to relate this quantity to thepeak subhalo mass used in our warm dark matter constraints, we have assumed the best-case scenario of no tidal massloss.
 Way stars in accordance with expectations for LSST (Ivezić et al., 2008). We then select stars inthe color-magnitude diagram that are within 2σ of the theoretical isochrone of the stream’s ageand metallicity, where σ is the magnitude-dependent photometric uncertainty using the same errormodel. We also assume a limiting magnitude to set the depth of the survey, choosing the pointwhere the photometric uncertainty in either band exceeds 0.1 mag. We apply this color-magnitudeselection to determine the density of stream stars and background stars. The depth of the gap froma given subhalo mass is calculated using the theoretical relation derived by Erkal et al. (2016),assuming that the subhalo impact occurred within the past 0.5 Gyr, moving at 150 km s−1, with animpact parameter equal to the perturber’s scale radius. Finally, we define a detection as a gap depththat is 5σ above the noise background (the effects of star-galaxy separation are not considered inthis calculation).
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 Figure 5 shows the lowest-mass dark matter subhalo detectable using the 10-year LSST dataas a function of stream surface brightness and heliocentric distance. For a stream with a surfacebrightness of 33 (31.5) mag arcsec−2, LSST is able to detect subhalos with Mvir(z = 0) ∼ 2×107M(1× 106M) at 20 kpc. As a comparison, we used the same model to calculate the gap detectabilityusing SDSS DR9 photometry. LSST provides ∼ 3 orders of magnitude improvement at low surfacebrightnesses, where most known (and anticipated) streams lie. Crucially, this pushes the minimumdetectable halo mass below current constraints from Milky Way satellites (e.g., Nadler et al.,2018a; Jethwa et al., 2018; Kim et al., 2018) or the Lyman-α forest (e.g., Iršič et al., 2017b). To setconstraints on Mhm and mWDM, we convert Mvir(z = 0) to Mpeak using a relation derived from thehighest-resolution simulation presented in Mao et al. (2015).1 We then follow the same formalismas in Section 3.1.1 to convert from Mpeak to Mhm and calculate mWDM from Equation 2.3.
 Given a gap density detection threshold and a subhalo population, this formalism can be used topredict the number of gaps in a given stream (Erkal et al., 2016). Typically, this predicts ∼ 1 gap perstream, making it difficult to interpret well-studied individual streams (i.e. Palomar 5 and GD-1).LSST is expected to measure dozens of streams as precisely as Palomar 5 and GD-1 have currentlybeen mapped and will therefore provide a much stronger constraint: at the 10-year LSST depth,ΛCDM predicts that we should observe 17 gaps total in the 13 DES streams reported by Shippet al. (2018). Observing fewer than 6 gaps would be inconsistent with ΛCDM at a 99.9% level.This prediction assumes that all of the streams have a dynamical age of 8Gyr and that subhalodisruption follows the model of Erkal et al. (2016).
 A single stellar stream is expected to experience several subhalo encounters over its dynamicallifetime. Recent strong impacts will result in the observable gaps described above, while weakerencounters will cause less prominent density and track variations. The effects of ancient impactswill be gradually erased due to the internal velocity dispersion of the streammember stars; however,it is possible to extract statistical information about the impact history of the stream by studying thelinear density and track power spectra, both of which are sensitive to the subhalo mass functions.Impacts from higher-mass subhalos introduce power on large scales, while lower-mass subhaloimpacts introduce power on small scales. Statistical analyses of the stream density power spectrumhave been used to constrain the number of subhalos within the stream radius and the propertiesof dark matter (Bovy et al., 2017; Banik et al., 2018). LSST will allow us to measure the streamdensity and stream track power spectra at small angular scales that were previously dominated bynoise, and Bovy et al. (2017) project that the power spectrum method will be sensitive to subhalosdown to mass 105M. In addition, precise measurement of the densities and tracks of multiplestreams can be combine to increase statistical power and mitigate systematics from any individualstream.
 Depending on their orbits, stellar streams can also be perturbed by the baryonic structures such asthe Galactic bar (e.g., Erkal et al., 2017; Pearson et al., 2017), spiral arms (Banik & Bovy, 2019), orgiant molecular clouds (Amorisco et al., 2016). The resulting gaps may be difficult to distinguishfrom gaps induced by dark matter subhalos and can bias measurements toward overestimating the
 1We find a mean relationship of: log10(Mpeak) = 0.88 log10(Mvir) + 1.28.
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 number of subhalo impacts on a stellar stream. The only recourse is to carefully examine thestreams’ orbits to assess these possible confounding factors. Streams with pericenters of & 14 kpcshould be relatively unaffected by these baryonic factors, and streams on retrograde orbits evenless so. In addition, subhalos may also experience extra tidal shocks from the disk, which canalter the number of expected impacts in a given cosmological model (e.g., D’Onghia et al., 2010;Garrison-Kimmel et al., 2017). LSST will mitigate both of these issues by examining streamsfarther from the center of the Galaxy where these effects are lessened.
 In this summary we have only considered the density structure of the stream. However, theperturbation that creates the gap necessarily affects the other phase space dimensions as well. Theinclusion of these phase space dimensions allows for an almost unique determination of both thesubhalo’s internal and impact properties for each gap (Erkal & Belokurov, 2015b). Furthermore,the perturber’s effect produces a correlated signal across observables, improving the precisionwith which the statistical properties of the stream (e.g., power spectrum and cross-correlation ofobservables) can be used to measure subhalo properties (Bovy et al., 2017). This provides anexciting opportunity for synergy with current and future spectroscopic and astrometric surveysin addition to precise photometric distances and proper motions from LSST itself. Such effortswill greatly aid in the removal of foreground and background contamination, and they will tightenconstraints on the stream progenitor’s orbit and provide better measurements of the perturber’smass and size. See Section 4 for a discussion of some complementary science programs.
 3.1.3 Strong Lensing
 Christopher D. Fassnacht, Cora Dvorkin, Francis-Yan Cyr-Racine, Charles R. Keeton, Yashar D.Hezaveh, Ana Díaz Rivero
 Strong gravitational lensing is one of themost powerful probes of darkmatter halos beyond the LocalGoup. Gravitational lensing directly probes the total mass distribution that a light ray encountersand does not require that mass to be luminous or baryonic. Therefore, an analysis of lensing signalscan be used to measure the presence, quantity, and mass of subhalos in massive galaxies and smallisolated halos along the line-of-sight. The discovery of low-mass dark matter halos is possible evenat cosmological distances, where the flux of any luminous material associated with the halos wouldfall below the detection limits of typical observations. Thus, the gravitational lensing approach ishighly complementary to Local Group observations.
 The (sub)halo-detection techniques described below utilize strong gravitational lensing, in whicha massive foreground object bends the light from a background galaxy to produce multiple imagesof the background object. If the emission from the background object is dominated by a singlepoint-like component, such as a quasar or other AGN, the lens system will contain multiple imagesof that component (e.g., left panel of Figure 6). Typically these quasar lens systems consist of twoor four images, creating “doubles” and ”quads” respectively. If, on the other hand, the backgroundobject is dominated by stellar emission, then the lensed emission is in the form of tangentially
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 Figure 6. Examples of two gravitational lens systems that exhibit perturbations due to (potentially unseen) halos. Left:Radio-wavelength imaging of a quasar lens system, B2045, that has one of the strongest flux-ratio anomalies known.Component B should be the brightest of the three close images and instead it is the faintest. Figure from Fassnacht et al.(1999) Right: HST imaging of the “Clone” (Lin et al., 2009), showing that the long lensed arc is split by the presence ofa perturber, in this case galaxy G4. Note that the location and mass of G4 could have been determined even if G4 werepurely dark. Figure from Vegetti et al. (2010a).
 stretched arcs or a full Einstein ring that surrounds the lensing galaxy (e.g., right panel of Figure 6).In both cases, substructure in the main lensing galaxy and small line-of-sight halos create smallperturbations to the lensed images.
 As will be described in detail below, there are three main techniques for detecting the presenceof dark (sub)halos using strongly lensed systems: analysis of flux-ratio anomalies in lensedquasar systems, gravitational imaging for lensed galaxy systems, and power spectrum approaches.Improved constraints on dark matter properties via these measurements will require: (1) a muchlarger samples of lens systems, and (2) follow-up observations with high-resolution imaging andspectroscopy. LSST will play a critical role by increasing the number of lensed systems fromthe current sample of hundreds to an expected samples of thousands of lensed quasars (Oguri& Marshall, 2010) and tens of thousands of lensed galaxies (Collett, 2015). The vast increasesin sample sizes will provide much stronger statistical constraints on dark matter models than arecurrently possible (e.g., Figure 7). The study of lensed systems will also require coordination withother facilities, namely space-based observatories, large ground-based telescopes with adaptiveoptics systems, ALMA, and very-long-baseline radio interferometry (see Section 4.2.4). Thesefacilities provide the milliarcsecond-scale angular resolution that is required to push the (sub)halodetection sensitivity into unexplored mass regimes.
 Flux-ratio Anomalies
 The presence of clumpy (dark) matter, whether within the main halo of the primary lens or alongthe line of sight, will perturb the gravitational potential of a strong lens system. One of the effects
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 Figure 7. Projected 2σ constraints on WDM particle mass as a function of the number of strong lens systems thatachieve a given (sub)halo mass detection threshold, under the assumption that CDM is correct. These constraints includeonly the contribution from halo substructure, and do not include the line-of-sight contribution. Exisiting Lyman-α forestconstraints are shown with a dashed horizontal line (Iršič et al., 2017b). Figure based on Hezaveh et al. (2016b).
 of these perturbations is to change the magnification of the lensed images of a background AGN.The angular scales over which the perturbations are important depend on the mass the perturber, sothe presence of a small (sub)halo will typically affect only one of the lensed images and, thus, willchange the relative fluxes of the images. Furthermore, because the image magnification dependson the second derivatives of the gravitational potential, this method is, in theory, sensitive tosmaller-mass structures than the gravitational imaging approach described below.2
 The utility of this effect was first presented inMao& Schneider (1998), which considered the effectsof spiral arms in the lensing galaxy on the flux ratios of the lensed images, and for many years thiswas the only lensing technique used to investigate the presence of substructure in massive galaxies.The approach is to describe the lensing galaxy with a relatively simple smooth single halo model.These simple models are nearly always capable of fitting the observed positions of the lensedimages to within the observational errors. At that point, any deviation between the model-predictedimage fluxes and the observed fluxes could be ascribed to some type of non-smooth / clumpy mass,either in the lensing galaxy or along the line of sight. At optical and near-IR wavelengths, thereare often significant differences between the predicted and observed image fluxes. However, theseperturbations are most likely to be produced by stars in the lensing galaxies, a process known asmicrolensing, and thus optical and near-IR fluxes are not informative in terms of the statistics ofdark matter halos. What is required is to observe at wavelengths at which the angular size of the
 2Indeed, flux-ratio anomalies can be produced by stars in the lens galaxy, through the microlensing phenomenon discussed below.
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 emitting region in the background source is large compared to the micro-arcsecond scales at whichstars produce their effects. Until recently, this meant observing lensed quasar systems at radio ormid-IR wavelengths, which vastly reduced the available sample sizes.
 A seminal paper by Dalal & Kochanek (2002) used the statistics of observed flux-ratios in a sampleof seven lens systems to place limits on the substructure fraction in the lensing galaxies, i.e., thepercentage of the lens mass that is composed of clumpy structures, in the 106 − 109M range.The small sample size was set by the number of radio-loud systems that was known at the timeand the one lens system with a usable mid-IR data set. Because lensed radio-loud AGN are rare,and ground-based high-resolution mid-IR observations are extremely difficult, the sample size onlyincreased by a few lenses over the next decade. Forecasts based on forward modeling simulationsindicate that &100 well-constrained flux-ratio systems are needed to provide 2σ constraints of107.2 − 107.5M for the half-mode mass in a WDM scenario, corresponding to a ∼5–6 keV thermalrelic mass (Gilman et al., 2017b). More recent estimates including line-of-sight structure showthat similar constraints may be achievable with ∼ 50 lenses (Gilman et al., 2019). In either case,increases in sample sizes are required. The two most promising paths forward are to obtain largelensed quasar samples with LSST and then follow up with either high-resolution mid-IR imagingwith JWST, or IFU spectrographs on ELTs or JWST. The second technique takes advantage of thefact that in lensed AGN, the narrow-line region surrounding the central AGN is larger than themicrolensing scale, even though the broad-line region and the source of the continuum emissionare not. Therefore, with high-resolution IFU observations, the narrow-line emission from eachlensed image can be spatially resolved, thus providing the required microlensing-free flux ratios(Moustakas & Metcalf, 2003; Nierenberg et al., 2014; Nierenberg et al., 2017).
 Deep high-resolution imaging in the optical or infrared is also necessary to address possiblesystematics in the flux-ratio technique. Investigations using Keck adaptive optics imaging of radioloud lenses have shown that, in some cases, the observed flux-ratio anomalies can be explained bybaryonic structures in the lensing galaxy, namely edge-on stellar disks rather than dark matter halos(Hsueh et al., 2016, 2017). These baryonic effects were also seen in simulated data (Gilman et al.,2017a; Hsueh et al., 2018). These studies indicate that a lack of knowledge about the baryonicstructure of the lensing galaxy may lead to an overestimate of the amount of clumpy dark matterin the lens or along the line of sight. With a sample of thousands of quasar lenses expected fromLSST, it will be possible to select systems where baryonic effects are minimized.
 Gravitational Imaging
 The presence of a massive peturber along the line of sight can change the shape of lensed emission.This effect can be utilized in strong lens system in which the background object is a galaxy thatis lensed into long arcs or a complete Einstein ring. Small (sub)halos that are close in projectionto the lensed emission can distort arc shape to a degree that can be detected by high-resolutionimaging observations. This “gravitational imaging” technique was proposed by Koopmans (2005)and further refined by Vegetti & Koopmans (2009a,b). The size of this effect depends on the mass
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 of the perturber and its projected distance from the lensed arcs, with more massive and closerperturbers having larger effects.
 The first application of the gravitational imaging technique to real data was for the “Clone,” asystem for which the primary lensing halo is a compact galaxy group (Figure 6, Lin et al., 2009;Vegetti et al., 2010a). In this system, the long lensed arc is broken and split at the location of thepeturber, which in this case is a satellite galaxy in the group with a mass of ∼ 1010M (Vegettiet al., 2010a). This massive galaxy located right on the arc produced an effect that could be seen byeye in high-resolution HST imaging. Lower-mass detections were subsequently made using HST(∼ 109M; Vegetti et al., 2010b), Keck adaptive optics (∼ 108M; Vegetti et al., 2012), and ALMAmm-wave interferometry (∼ 108M; Hezaveh et al., 2016b). Note that the masses reported in thesepapers usually assume a truncated mass distribution (e.g., a pseudo-Jaffe profile) or are explicitlygiven as mass contained within radii of, e.g., 600 pc, to better match dwarf galaxy measurementsmade within the Local Group. Multiplying these values by a factor of 10 gives roughly the expectedvirial mass of their host halos.
 The implications for the nature of dark matter from the gravitational imaging technique come fromcomparing the number of detected halos to those predicted by various dark-matter models. For thisreason, one of the strengths of the technique is that non-detections are as valuable as detections,and can be especially powerful at low masses where CDM models predict a large number of halos.This analysis relies on an understanding of the lowest mass that can be detected at each location inthe lens system (e.g., Vegetti et al., 2014; Hezaveh et al., 2016b; Ritondale et al., 2018).
 Nearly all previous inferences on dark matter from gravitational imaging have considered solelythe expected and measured effects of subhalos within the main halo of the primary lensing galaxy(e.g., Vegetti & Koopmans, 2009b; Vegetti et al., 2012, 2014; Hezaveh et al., 2016b). However,an additional perturbation signal is provided by the presence of halos along the line of sight. Ananalysis of simulated data has shown that the signal from line-of-sight structures is significant evenfor lower redshift lenses and is the dominant contribution to any lensing signal for higher redshifts(Keeton, 2003; Despali et al., 2018). The line-of-sight structures may very well be a cleaner probeof dark-matter properties than substructures in the lensing galaxies. This is because the line-of-sighthalos are unlikely to have been tidally stripped and thus their measured masses reflect their truemasses. The techniques for including the line-of-sight signal have been developed and applied torecent analyses (Ritondale et al., 2018).
 For the relatively high (sub)halo masses that have been probed so far, & 109M, there is littledifference between the predictions of CDM and models with a mass cutoff (e.g., WDM). Therefore,even analyses of ∼ 10-lens samples have not achieved the statistical precision to distinguish betweendark matter models (Vegetti et al., 2014; Ritondale et al., 2018). What is urgently needed is bothto increase the sample sizes and, more importantly, to probe further down the mass function. Themass-detection limit for gravitational imaging is set by three properties of the observations: (1) thesignal-to-noise ratio, (2) the angular resolution of the imaging data, and (3) the surface-brightnessstructure of the lensed background galaxy. This last point arises because it is easier to detect smallastrometric shifts if there are strong gradients in the surface brightness, as opposed to a smooth
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 Figure 8. Fisher forecast for the substructure convergence power spectrum in three logarithmic wavenumber bins. Weconsider here observations with the wide-field camera 3 (WFC3) aboard the Hubble Space Telescope (HST) using theF555W filter, resulting in a point-spread function FWHM of 0.07 arcsec. The source is placed at zsrc = 0.6 with anunlensed magnitude mAB = 24. The error bars show the 1-σ regions, while the green rectangles display the samplevariance contribution within each bin. We conservatively assume that only half of each orbit is available for observation.The blue solid line shows the fiducial substructure power spectrum model used in the forecast, which corresponds to aCDM population of subhalos modeled with truncated NFW profiles. The dotted magenta line shows the power spectrumfor SIDM, assuming a subhalo core size equals to 70% of the scale radius. For comparison, the orange dashed line showsthe substructure power spectrum for a thermal relic warm DM with mass of 3.5 keV (Viel et al., 2013). Figure adaptedfrom Cyr-Racine et al. (2018).
 light distribution. These properties lead to the need for sensitive high resolution observations ofthe large samples of appropriate lenses that LSST will provide. The high-resolutions observationscan come from ELTs, which should provide milliarcsecond-scale angular resolution currently onlyavailable from VLBI radio observations. For the subset of LSST lenses that are radio loud, VLBIand ALMA observations will provide excellent complementarity.
 Small-scale Structure Power Spectrum
 While gravitational imaging can detect highly significant and well-localized perturbers along lensedarcs and Einstein rings, less massive perturbers or those located farther away from lensed imagestypically lead to observational signatures that are too subtle to be detected individually. However,the large number of such perturbers, both as subhalos within the lens galaxy and as field halos alongthe line of sight, means that their collective effect might be detectable at the statistical level (e.g.,Birrer et al., 2017). The power spectrum of the lensed deflection field is a particularly powerfulquantity for capturing the aggregate behavior of lensing perturbers. This approach was proposed inHezaveh et al. (2016a), and further expanded in Diaz Rivero et al. (2018), Chatterjee & Koopmans(2018), and Cyr-Racine et al. (2018). Furthermore, Daylan et al. (2018) proposed a technique to
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 constrain the statistical properties of dark matter subhalos in the lens galaxies by studying the jointperturbations of unresolved subhalos.
 A key advantage of this power spectrum approach is that it describe the effect of perturbers in termsof a spatial fluctuation basis instead of the more traditionally usedmass basis. The power spectrumdirectly captures the spatial scales on which perturbers influence the lensed images without havingto invoke the notion of (sub)halo density profile, the latter of which is usually required to map fromthe perturber mass space to the resulting spatial deflection field. As such, the power spectrum is anatural language to describe the collective effects of small lensing perturbers.
 To develop intuition about which dark matter properties could be probed from measurement of thisnew lensing statistic, Diaz Rivero et al. (2018) developed a general formalism to compute from firstprinciples the convergence power spectrum for different populations of subhalos (not yet includingline-of-sight perturbers). The authors pointed out that this power spectrum can be mainly describedby three quantities: a low-wavenumber amplitude, that depends on the subhalo abundance andon specific statistical moments of the subhalo mass function; on a turnover scale, that probes thetruncation radius of the largest subhalos in the system; and on a higher-wavenumber (k & 1 kpc−1)slope, that probes a combination of the subhalo inner density profiles and of a possible cutoff inthe primordial matter power spectrum. These theoretical findings were then confirmed numericallyin Brennan et al. (2018) using a semi-analytic galaxy formation model, and in Díaz Rivero et al.(2018) using high-resolution N-body simulations. Measurements of the power spectrum promisea wealth of information about the behavior of dark matter on small scales.
 Several challenges need to be addressed to fully enable the constraining abilities of power spectrummeasurements. Most importantly, the degeneracy between the possibly complex brightness profileof the source and the statistical effects of the lensing perturbers needs to be accurately explored.Also, the importance of line-of-sight structure remains to be properly quantified, and the effectof lens galaxy light and other luminous foregrounds on the power spectrum inference needs to bebetter understood. Finally, since instrumental artifacts such as a mismodeled point-spread functionor camera sensitivity could potentially mimic a power spectrum signal, it is likely that these effectswould have to be reconstructed at a higher precision than what is typically done for gravitationalimaging.
 Thus far, measurement of the lensing power spectrum has been attempted by Bayer et al. (2018),and an upper limit on its amplitude was derived using HST archival data. The currently knownsamples of galaxy-galaxy lenses numbers in the few dozens, and LSST is expected to increasethis number several-fold as mentioned above. High-resolution follow up using either space-basedor AO-enabled ground-based observatories will be required to measure the power spectrum fromthese targets and thus probe small-scale structure in a new way (Section 4.2.4). Cyr-Racine et al.(2018) has performed detailed forecasts for the sensitivity of different observational scenarios tothe perturber power spectrum for lenses of the type that LSST is expected to discover at opticalwavelengths (Figure 8). It was found that images only a factor of a few deeper than what is currentlytypically available (e.g., from the SLACS sample Bolton et al., 2008) could be sufficient to detectthe overall amplitude of the lensing power spectrum. On the other hand, constraining the slope
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 at larger wavenumbers, which could help distinguish between WDM and CDM (Figure 8), wouldrequire much deeper imaging.
 3.1.4 Satellite Joint Analysis
 Francis-Yan Cyr-Racine, Ethan O. Nadler, Manoj Kaplinghat, Alex Drlica-Wagner, Arka Banerjee,Kimberly K. Boddy
 As stated above, a cut-off in the matter power spectrum is related to early universe kinematics ofdarkmatter particles and interactions of darkmatter particles with a relativistic species. This cut-offdirectly affects both the subhalo mass function and the luminosity function of Milky Way satellites.Importantly, it also affects the internal properties of subhalos with masses near this threshold.Indeed, the power spectrum cut-off delays halo formation on mass scales near to and smaller thanthe cut-off, hence lowering the concentration of these objects at fixed halo mass (e.g., Dunstanet al., 2011). Since SIDM (Section 2.1.2) can also have a large impact on the central densities ofsmall halos, combining information from minimum halo mass and density profile measurements(Section 3.2) can jointly constrain the presence of a cut-off and of a non-vanishing σSIDM, hencesimultaneously probing the cold and collisionless tenets of the CDM paradigm. As an illustrativeexample, we estimate the potential sensitivity of an analysis combining kinematic measurements ofLSST-discovered Milky Way satellites with the minimum halo mass forecasts shown in Figure 4.While not discussed here, we note that both stellar stream gaps and strong lensing could also beused for such joint analysis since they in principle have some sensitivity to internal properties ofsmall halos as well.
 Joint impacts on the central densities of satellites
 As a demonstration of the power of LSST to probe both a power spectrum cut-off and dark matterself-interaction, we focus here on a simplified summary statistic which captures the essence ofLSST’s constraining power. The reader should keep in mind that a more detailed analysis usingthe full complexity of the LSST data set (and its spectroscopic follow-up) could unveil evenmore information about dark matter physics. Specifically, we consider here the impact of self-interaction or a cut-off on the cumulative number of satellites above a given luminosity thresholdthat have stellar velocity dispersion within their half-light radius above a minimum value σ?,lim,Nsat(L? > Llim, σ? > σ?,lim). Here, we use the stellar velocity dispersion, σ?, as a probe of thesubhalo’s central density.
 For simplicity, we parameterize the cut-off in the power spectrum using the thermal WDM mass,mWDM (e.g., Bode et al., 2001), but note that other physics such as interactions with a relativisticspecies (e.g., Boehm & Schaeffer, 2005; Cyr-Racine et al., 2016) could also cause a small-scalesuppression of power. It is well-known that dark matter self-interaction creates constant densitycores in the subhalos (Spergel & Steinhardt, 2000), which usually lowers the central density ascompared to NFW halos. In the limit of large cross sections or significant subhalo mass loss, the
 LSST Dark Matter

Page 38
                        
                        

3.1 Minimum Halo Mass 31
 self-interactions could also lead to core collapse and an increase in the subhalo central density(Balberg et al., 2002; Ahn & Shapiro, 2005; Nishikawa et al., 2019).
 In the absence of significant self-interaction, the power spectrum cut-off affects the central densitythrough a modification of the subhalo concentration-mass relation (Dunstan et al., 2011; Schneideret al., 2012; Lovell et al., 2014; Bose et al., 2017). We adopt the following form for this modification
 c(Mvir; mWDM) = cCDM(Mvir)(
 Mvir
 1012M
 )∆α(mWDM), (3.1)
 where Mvir is the subhalo virial mass, cCDM is the subhalo concentration in the standard CDM case(Moliné et al., 2017), and ∆α is a power-law index that depends on the power spectrum cut-off.In this small self-interaction cross section limit, we assume that the core size is negligible andthe density profile is of the NFW form. Note that stellar feedback can change this situation, amanifestation of the well-known degeneracy between feedback and self-interactions (e.g. Navarroet al., 1996).
 In the opposite limit of large cores created by self-interactions, the central density ρ0 of the subhalocan be written as (Nishikawa et al., 2019)
 ρ0 = ρs f (t/t0) , (3.2)
 where t is time elapsed since infall, t0 = a(σSIDM/mχ)ρsv0 with v20 = 4πGρsr2
 s and a =√
 16/πfor a hard-sphere interaction (Balberg et al., 2002). Here, ρs and rs are the NFW density and scaleradius parameters, respectively. The function f encodes the evolution in time of the subhalo’scentral density in the presence of self-interactions, which includes its initial suppression due tocore formation, and its subsequent increase due to the onset of the gravo-thermal instability (Ahn& Shapiro, 2005). Importantly, the onset of this latter phase depends on the satellite’s orbitalhistory, with highly tidally stripped subhalos reaching it on a much shorter timescale than fieldhalos (Nishikawa et al., 2019). To incorporate these results we make the further assumption thatthe tidal evolution of subhalos is not highly sensitive to dark matter particle physics. Currentsimulations tend to support this point of view, although it is likely that the stripped mass fractionwill be somewhat larger for subhalos that have lower central densities due to either a cut-off in thepower spectrum or self-interactions (Lovell et al., 2014; Dooley et al., 2016).
 We adopt the following simple model for relating the mean stellar dispersion σ? to the centraldensity ρ0 (Wolf et al., 2010)
 σ? = 1 km s−1√
 ρ0
 0.1M/pc3
 (Rh
 50pc
 ), (3.3)
 which is valid as long as the core radius rc is much larger than the projected half-light radius Rh.In the opposite case where rc < Rh, we modify this relation by putting an upper bound on f (t/t0)at a value given by 1/(xh(1 + xh)2), where xh = Rh/rs, and where the core radius is defined by theequation ρNFW(rc) = ρ0.
 LSST Dark Matter

Page 39
                        
                        

3.1 Minimum Halo Mass 32
 5 10 15 20mWDM (keV)
 10−2
 10−1
 100
 101σ
 SID
 M/m
 χ(c
 m2g−
 1)
 Lym
 an-α
 (95%
 C.L
 .)
 LS
 ST
 Str
 on
 gL
 ensi
 ng
 (100
 len
 ses)
 LS
 ST
 Ste
 llar
 Str
 eam
 s
 Excl
 ud
 edby
 clas
 sica
 l+
 SD
 SS
 MW
 Sat
 s.
 Probed by LSSTMW Sats. + Spec.
 MW Sats. core collapse
 2.6× 108 2.6× 107 6.7× 106 2.6× 106Mhm (M)
 Figure 9. Projected joint sensitivity to WDM particle mass and SIDM cross section from LSST observations of darkmatter substructure. The red region is ruled out at 95% confidence level by current observations of the Milky Way satellitepopulation (the dashed part of the contour is subject to uncertainties due to core collapse, see main text). The dashedvertical lines correspond to current constraints on the minimum WDMmass from the Lyman-α forest (Iršič et al., 2017b),and the projected sensitivity of LSST-discovered strong lenses and stellar streams. The discovery of additional Milky Waysatellites with LSST and their subsequent spectroscopic follow-up will probe the region in blue. The region with largeSIDM cross section delimited by the dashed line labelled “MW Sats core collapse” is likely to be probed by Milky Waysatellite galaxies, but the simple analysis performed here is insufficient to quantify its sensitivity due to halo core collapsein this regime (Nishikawa et al., 2019). We caution that the exact shape of this region will depend on the amount oftidal disruption that subhalos experience. The top axis displays the corresponding half-mode mass as per Eq. (2.2). Notethat σSIDM stands for the self-interaction cross section evaluated at velocities relevant for Milky Way satellite galaxies(vrel ∼ 5–50 km s−1).
 To map the present-day mass of our subhalos to their luminosities, we combine the zoom-insimulations presented in Mao et al. (2015) with the subhalo–satellite galaxy model presented inNadler et al. (2018a) to obtain the probability that a subhalo of present-day virial mass Mvir hosts asatellite of luminosity L? and stellar dispersionσ?. Themapping from subhalos to satellites includesa prescription for hydrodynamic effects such as enhanced subhalo disruption due to a galactic disk,the galaxy formation threshold due to reionization, and a flexible model for the relationship betweenluminosity and subhalo peak circular velocity. To characterize P(L?|Mvir), we sample from theposterior distribution of model parameters from the fit to classical and SDSS-detected satellites inNadler et al. (2018a), generate a large number of satellite population realizations for each MilkyWay host halo, and fit the resulting P(L?|Mvir) relation with a log-normal distribution. We alsouse these simulated satellite populations to perform a large number of mock LSST observations toobtain the probability distribution of our summary statistic Nsat(L? > Llim, σ? > σ?,lim).
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 Using the mapping from L? and halo mass to Mvir, our summary statistic can be computed usingthe expression:
 Nsat(L? > Llim, σ? > σ?,lim) =∫
 Llim
 dL?
 ∫σ?,lim
 dσ?
 ∫dMvir
 dndMvir
 P(L?|Mvir) (3.4)
 × δ (σ? − σ?(ρ0, c(Mvir; mWDM))) ,where dn/dMvir is the redshift zero subahlo mass function (which depends on mWDM) and δ is theDirac delta function. Given values of mWDM and σSIDM/mχ, we can use Eq. (3.4) to compute thenumber of MilkyWay satellites observable with LSST that have stellar dispersion above our chosenthreshold. As in Section 3.1.1, we take MV = 0 mag and µ = 32 mag/arcsec2 as our detectionthreshold for LSST, and set σ?,lim = 2.6 km s−1. This latter choice is driven by the minimum stellardispersion value obtained in our mock observation of satellite galaxies passing the LSST detectionthreshold as described above, assuming standard CDM. Since measuring stellar dispersions willrequire spectroscopic follow-up of LSST-discovered satellite galaxies, we fold in our analysis theprobability that a given target can be followed up with 30-meter class telescopes given its luminosityand heliocentric distance, as provided in Section 4.1.
 The resulting projected joint sensitivity to the WDM particle mass and the SIDM cross section areshown in Figure 9. The red region to the left of the figure is already excluded by observations ofknown classical and SDSS-discoveredMilkyWay satellites. The dashed vertical lines show currentconstraints from the Lyman-α forest (Iršič et al., 2017b) and the projected sensitivity of stronglylensed systems and stellar streams discovered by LSST. In blue, we show the region of SIDM-WDMparameter space that would be probed by LSST+spectroscopic measurements of the Milky Waysatellite population. In the white region at low SIDM cross sections, the central core caused byself-interaction is too small to significantly affect the dynamics of the satellites. In the blue regionat high cross sections delimited by the dashed line, tidally-stripped subhalos may undergo corecollapse and may thus have similar stellar dispersion to their CDM counterparts, resulting in a lossof sensitivity to the SIDM cross section from the simple statistics given in Eq. (3.4). However, wenote that the expected diversity of the Milky Way satellite population within this region of darkmatter parameter space (Nishikawa et al., 2019) is likely to be distinguishable from that predictedby CDM, and we thus include it in the parameter space that LSST can probe. While not shownin Figure 9, complete gravothermal collapse and subhalo evaporation at very high SIDM crosssection (& 10 cm2 g−1) likely imply that these high values are already ruled out. We thus see thatspectroscopic follow-up of LSST-discovered satellites could significantly improve our knowledgeof dark matter physics in the prime parameter space corresponding to mWDM ∼ 5 − 15 keV andσSIDM/mχ ∼ 0.1 − 10 cm2 g−1.
 3.2 Halo Profiles
 Susmita Adhikari, Robert Armstrong, William A. Dawson, Alex Drlica-Wagner, Nathan Golovich,M. James Jee, Yao-Yuan Mao, Annika H. G. Peter, Daniel A. Polin, J. Anthony Tyson, DavidWittman
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 The standard CDMmodel predicts that dark matter halos should be “cuspy,” i.e. with inner densityprofiles asymptoting to high central densities. This results from the inability of collisionless darkmatter to redistribute kinetic energy, and is born out in numerical simulations which give rise toa family of cuspy halo profiles (e.g., the NFW profile; Navarro et al., 1997). If dark matter isable to interact through scattering or the exchange of some light mediator (Section 2.1.2), then thedensity of halos could instead flatten out to produce dark matter “cores” (Spergel & Steinhardt,2000). These interactions can also lead to an isotropization of dark matter velocity distribution,leading to more spherical halos (Peter et al., 2013). Thus, measurements of the radial densityprofiles and shapes of dark matter halos are sensitive to the microphysics governing dark matterself-interactions. Due to the natural possiblity that dark matter scattering has a non-trivial velocitydependence (Section 2.1.2), it is important to probe halo profiles over a wide range of mass scales.Here we explore the contributions that LSST will make towards measuring the profiles of darkmatter halos in isolated small galaxies and clusters of galaxies. We highlight these systems becausethey reside at opposite extremes of the galaxy mass spectrum where dark matter dominates overbaryonic processes that can also alter the shapes of halos.
 3.2.1 Dwarf Galaxies as Lenses
 Yao-Yuan Mao, M. James Jee, Alex Drlica-Wagner, J. Anthony Tyson, Annika H. G. Peter, ChihwayChang, Rachel Mandelbaum, Manoj Kaplinghat
 Dwarf galaxies (M? . 109M) provide the best visible tracers of low-mass dark matter halos.The relatively low baryonic content makes dwarf galaxies sensitive probes of dark matter physicsthrough the shape of their dark matter halo profiles. In particular, the “core-cusp” problem indwarf galaxies has been cited as one of the most significant challenges to CDM (e.g., de Blok,2010; Bullock & Boylan-Kolchin, 2017). The standard CDMmodel predicts that dark matter halosshould have steeply rising (“cuspy”) central densities in contrast to the shallower (“cored”) massprofiles that are observationally inferred for many dwarf galaxies. Evidence for cored profilesexists for Milky Way satellite galaxies from kinematic and theoretical studies (e.g., Walker et al.,2009; Peñarrubia et al., 2012), and is stronger when one studies the inner density profiles of dwarfgalaxies based on high-resolution neutral hydrogen surveys (e.g., Begum et al., 2008; Hunter et al.,2012; Cannon et al., 2011; Oh et al., 2015). Many of these observations show inferred centralslopes of the dark matter density profile, ρ(r) ∼ r−γ, that are significantly shallower (γ ≈ 0–0.5)than the CDM prediction γ ≈ 0.8–1.4 (Navarro et al., 2010).
 A wide range of solutions to the core-cusp problem have been proposed including observational,astrophysical, and darkmatter explanations. From a darkmatter perspective, SIDMcan significantlysuppress the the central density of halos. A self-interaction cross-section of σ/mχ ∼ 1 cm2 g−1 canexplain the diversity of rotation curves seen in low-mass spiral galaxies (e.g., Oman et al., 2015;Kamada et al., 2017; Tulin & Yu, 2018). In addition, ultra-light or fuzzy dark matter has also beensuggested as a possible solution to the core-cusp problem through the formation of uniform densitysolitonic cores (e.g., Marsh & Pop, 2015; Hui et al., 2017). However, baryonic feedback remains a
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 major complication for interpreting central density profile measurements in a dark matter context(Navarro et al., 1996; Read & Gilmore, 2005; Mashchenko et al., 2008; Pontzen & Governato,2012; Madau et al., 2014; Read et al., 2016a). If dwarf galaxies form enough stars, energy fromSN explosions can flatten the profiles of dark matter and baryons; however, if too many starsare formed, the excess baryonic mass can have the opposite effect of steepening the slope of thecentral density profile (Bullock & Boylan-Kolchin, 2017). Technical challenges in implementingmulti-phase gas and baryonic physics make it difficult to directly address and calibrate baryonicpredictions based on hydrodynamical simulations (Tollet et al., 2016; Fitts et al., 2017; Sawalaet al., 2016). However, one key prediction is that the creation of cores will be sensitive to theexact star formation history (e.g., Governato et al., 2012; Di Cintio et al., 2014; Oñorbe et al.,2015; Read et al., 2016a; Hirtenstein et al., 2018; Read et al., 2019). Thus, robust measurementsof both the stellar and dark matter mass of dwarf galaxies is essential to investigate the effect ofbaryonic feedback on the central dark matter density. In addition, it has been argued that significantobservational and astrophysical systematics, such as beam smearing, center offsets, inclinations,and non-circular motions can bias central density measurements toward flatter profiles (e.g., vanden Bosch & Swaters, 2001; Rhee et al., 2004; Oh et al., 2008; Read et al., 2016b). Thus, accurateindependent measurements of dwarf galaxy density profiles are critical.
 LSST can provide joint statistical measurements of both the central density and stellar content ofdwarf galaxies. The stacked gravitational weak lensing signal from a large sample of dwarf galaxieswill provide the most direct measurement of the amount and distribution of dark matter. In thissection we predict the sensitivity of LSST to a stacked weak lensing signal from dwarf galaxies.
 Dwarf galaxy lenses
 We are interested in estimating the number of isolated dwarf galaxies accessible to LSST asa function of dark matter halo mass. To predict the abundance of the dwarf galaxy sample, weassume themass-to-light ratio derived from the subhalo abundancematching technique, which linksthe global galaxy luminosity function with (sub)halo mass function by their respective abundance(e.g., Kravtsov et al., 2004; Reddick et al., 2013). We use colossus (Diemer, 2018) to obtain thehalo mass function and adopt the global galaxy luminosity function measured by GAMA (Lovedayet al., 2015). Wematch galaxy luminosity to current halomass with the definition of M200c. We alsoassume the mass-to-light ratio does not evolve significantly in this low-redshfit regime. We use thispredicted galaxy luminosity to estimate the limiting redshift for dwarf galaxy detection as a functionof galaxy halo mass for two LSST limiting magnitudes: r ∼ 25 and r ∼ 27. Figure 10 shows thatto probe dark matter halos with mass . 109M, it will be necessary to select galaxies at z < 0.01.While selecting very low-z galaxies with photometric data is challenging, current projects like theSAGA Survey (Geha et al., 2017) have shown that it is possible using data from SDSS. Future large,multi-object spectrographs will greatly expand the spectroscopic data for training these selections.It will also be possible to use morphological information to select nearby dwarf galaxies. LSSTwill be able to distinguish a dwarf galaxy with MV = −14 from background galaxies of the sameapparent magnitude out to a distance of ∼ 100 Mpc (Section 9 of LSST Science Collaboration et al.,2009).
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 Figure 10. Limiting redshift for detecting a dwarf galaxy that lives in a dark matter halo of certain masses, assuming aluminosity–halo mass relation derived from the subhalo abundance matching technique, which matches galaxy luminosityfrom the GAMA luminosity function to present-day halo mass (M200c) by their respective abundance.
 Source galaxies
 The conservative LSST 10-year “gold” sample for cosmic shear measurements of dark energy isexpected to have a source galaxy density of ∼ 27 arcmin−2 (Chang et al., 2013; The LSST DarkEnergy Science Collaboration et al., 2018). However, we expect that the dwarf lensing analysiscan retain significantly more source galaxies for the following reasons. (1) Our measurementuncertainty is dominated by the low number of dwarf galaxy lenses, rather than the multiplicativeshear measurement bias that must be strictly controlled for dark energy measurements. This allowsus to include fainter, smaller, and more blended sources. (2) Unlike the lenses used for cosmic shearmeasurements, the dwarf galaxy lenses are at very low redshift. This means that most detectedsources are background galaxies. (3) We expect to be able to combine shape measurements frommultiple filters, which could increase the source density by ∼ 80%. Combining these factors, weestimate a source galaxy density of 50 arcmin−2, which is consistent with the fiducial, multi-bandestimate of Chang et al. (2013). The primary focus of the source galaxy selection will be to avoidcatastrophic photo-z outliers (low-z galaxies reported at high-z), which typically occur for less thana few percent of galaxies in current surveys (Sánchez et al., 2014).
 Sensitivity
 We calculate the expected strength of a lensing signal for three different bins in halo mass, M200c =
 1010, 3 × 109, 109 h−1M, each with a width of 0.5 dex in mass. These samples correspond toN = 1.2 × 108, 7.8 × 106, 1.6 × 105 dwarf galaxies out to a redshift of z = 0.35, 0.07, 0.014,respectively. Source galaxies are placed at z = 1.2 with a density of 50 arcmin−2 and a shearuncertainty of σγ = 0.25. We model the mass distribution in each dwarf galaxy with an NFWhalo assuming the concentration–mass relation from Diemer & Joyce (2018). We calculate theshear from the stacked dwarf galaxy lens sample using colossus (Diemer, 2018), assuming that
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 Figure 11. Lensing signal (reduced tangential shear; left) and signal-to-noise (right) for stacked samples of dwarfgalaxies in three different mass bins (shown by different shapes of markers), each with width of 0.5 dex in mass. Twodifferent density profiles are used for this calculation: the NFW profile (blue) and a NFW profile with a core (orange). Thecalculation assumes perfect selection of dwarf galaxies within the redshift range over which they are detectable by LSST.Source galaxies are assumed to be at z = 1.2, with a surface number density of 50 arcmin−2, and a shear uncertainty ofσγ = 0.25 per component.
 each lens is placed at the limiting detectable redshift. The results are shown in Figure 11, wherewe find that LSST has the potential to measure the lensing shear with S/N & 10 for halos withM & 3 × 109 h−1M. Note that some of our assumptions are clearly optimistic. In particular,the number density of the source galaxies we assumed is high, and the assumption of perfect lensgalaxy selection is also unlikely to hold. Nevertheless, since the S/N ratio goes ∼ 1/
 √NlensNsrc,
 and thus lowering these numbers by a factor of ∼ 2 would still yield a very high S/N ratio.
 As mentioned earlier, a cored density profile is a signature of SIDM, hence we also calculate theshear signal for a modified NFW profile with a central core,
 ρcore(r) = ρNFW(r) × (1 − e−3r/rs ) , (3.5)
 where ρNFW(r) is a standard NFW profile and rs is the scale radius of the NFW profile. We show thepredicted shear signal from the cored profile in Figure 11 to be compared with the signal fromNFWprofile. We see that the overall signal-to-noise does not change much with the profile. However, tostatistically distinguish the different profiles, one needs to measure the shear at very small angularscales (< 10 h−1 kpc, which corresponds to 2.9 arcsec at z = 0.35 and 10 arcsec at z = 0.07). Thissmall-scale regime is where the systematics due to PSF modeling and blending would dominate. Inother words, while the numbers of source and lens galaxies that LSST can find will be high enoughto distinguish the difference between the two profiles, shear measurement systematics may presentthe major obstacle.
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 The median seeing of LSST is about 0.7 arcsec (LSST SRD, Ivezić & the LSST Science Col-laboration, 2018). Since the dwarf galaxy lenses are at very low redshift (z = 0.07 for theMhalo = 3 × 109 h−1M sample), the angular scale (∼10 arcsec) that we would use to distinguishthe cored profile is still well above a few times the median seeing. However, the uncertainty inPSF models can affect the shape measurement up to the scale of 3 arcmin (Chang et al., 2012). Webelieve that, with improved PSF models and marginalization over model uncertainty, it will still befeasible to utilize dwarf galaxy lenses to distinguish different halo profiles at small scales.
 3.2.2 Galaxy Clusters
 Susmita Adhikari, William A. Dawson, Nathan Golovich, David Wittman, M. James Jee, Annika H.G. Peter, Daniel A. Polin, Robert Armstrong
 Galaxy clusters are the most massive gravitationally bound structures in the universe. The highmatter density and high velocity dispersions of clusters make them ideal laboratories for testingdark matter self-interaction models in a very different regime from individual galaxies. In thefollowing section we discuss several probes that use galaxy clusters to constrain the nature of darkmatter. We show that current constraints frommany different cluster-scale probes are of the order of0.1–1 cm2 g−1. To understand why this is so, it is important to note that the average column densityof a cluster-scale halo is of the order of 1 g cm−2. Improved cross section constraints will come froma combination of the large statistical data sets that will be collected by LSST and other telescopesin the LSST era, and more sophisticated theoretical predictions for observables for specific SIDMmodels.
 Distribution of matter and substructure
 As we describe below, the current best cluster-scale SIDM constraints come from the radial darkmatter profiles of halos. However, cluster-scale halos that consist of SIDM and CDM exhibit otherdifferences, which may prove to be highly constraining given the vastly detailed LSST cluster datasets. Significantly more theoretical work is required to project robust constraints in the LSST erafor those probes.
 Radial profile: Interactions among dark matter particles allow for the exchange of energy betweendifferent parts of the halo. The high number of interactions near the dense central region of adark matter halo increases the temperature, or the velocity dispersion, near the central region. Thisprocess can be thought of as a transfer of heat from the outer (hotter) parts of the halo to the inner(colder) region. The excess dispersion due to self interaction leads to flattening of the inner densityof the halo, leading to the formation of a cored density profile. For cluster-scale halos, the highdensities near the center make the timescales for thermalization shorter at a given cross sectionthan they are for lower-mass objects (although it must be noted that low-mass halos are generallyolder and have a longer time to thermalize). The short thermalization time is important becausedark matter thus behaves as a fluid in the innermost part of cluster-scale halos, and can relax
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 to a hydrostatic equilibrium configuration at the center of the halo, where baryons dominate thepotential (Kaplinghat et al., 2016). Depending on the merger history, cluster-scale halos can be ascuspy as those in CDM-only simulations (for recent mergers), or relax to a hydrostatic equilibrium(for highly relaxed systems) in which the dark matter halo has a small but relatively dense core(Robertson et al., 2018b).
 Density profiles of massive galaxy clusters therefore serve as probes for SIDM. Clusters tend tobe dark matter dominated outside the very central regions, and they are the only known systemswhere the matter distribution can be individually mapped to the virial radius using weak lensing.Strong lensing also provides a measure of cluster mass independent of the dynamical state. Andstellar kinematics of the central galaxy can be used to measure the dark matter density profilein the innermost regions. LSST will produce an unrivaled catalog of strong and weak lensingmeasurement of cluster density profiles. This, in concert with X-ray mass estimates and stellarkinematics, will provide a strong test of the NFW dark matter density profile predicted by cold,collisionless dark matter (Newman et al., 2013a; Kaplinghat et al., 2016; Robertson et al., 2018a;Andrade et al., 2019). Moreover, the strong lensing cross section is an additional probe of thedensity profile (Robertson et al., 2018a). For hard-sphere scattering, cross section constraints areof the order of 0.1–1 cm2 g−1, but without fully quantified systematic uncertainties.
 Halo shape: Apart from the density profile itself, in SIDMmodels, darkmatter velocity distributionsbecome more isotropic than in the CDM model, especially at the center of the halo. Correspond-ingly, the halo density profile becomes more spherical. Historically, constraints from cluster andgalaxy ellipticies (Miralda-Escudé et al., 2000) provided strong constraints on the cross section ofSIDM; however, later investigations found these constraints to be somewhat optimistic (Peter et al.,2013). Recent measurements of the shapes of cluster-scale dark matter halos include studies with:cluster members (Shin et al., 2018), X-rays (Hashimoto et al., 2007), lensing (Mandelbaum et al.,2006; Evans & Bridle, 2009; Oguri et al., 2010), and combinations of observables (Clampitt &Jain, 2016; Sereno et al., 2018). Current constraints on the cross section are sensitive to the orderof σSIDM/mχ ∼ 1 cm2 g−1. Several groups have shown in N-body simulations that the effects ofSIDM with a cross section of roughly (a few)× 0.1–1 cm2 g−1 are potentially observable, althoughbaryons can alter the probability distribution function of halo shapes by an amount that is not yetrobustly quantified (e.g. Peter et al., 2013; Robertson et al., 2018b; Brinckmann et al., 2018).
 Substructure: Structures form hierarchically in the standard CDM scenario: small objects formfirst and merge to form larger mass structures such as galaxy clusters. These clusters continue toaccrete smaller halos and some of these small structures survive as subhalos within the cluster. Itis therefore interesting to study the distribution of substructures within larger halos, to understandhow the distribution is affected by self interactions among dark matter particles.
 Subhalos can be affected by SIDMmodels in three different ways within a cluster. First, dark matterparticles in subhalos can evaporate due to interactions with the particles in the host cluster. Subhaloslose mass when they enter a cluster. In the CDM scenario particles that are at larger radii and areloosely bound get stripped as the subhalo orbits within a cluster. In SIDMmodels, evaporation dueto self-scattering leads to additional mass loss. Unlike tidal stripping, self-interactions can also
 LSST Dark Matter

Page 47
                        
                        

3.2 Halo Profiles 40
 affect the inner regions of the subhalos. Simulations show that evaporation is inefficient at increasingthe subhalo disruption rate unless hard-sphere cross sections are of order σSIDM/mχ ∼ 10 cm2 g−1,or subhalos are on nearly radial orbits through the cluster center (Vogelsberger et al., 2012; Rochaet al., 2013; Dooley et al., 2016).
 While this generally means that the total subhalo mass function within the virial volume is largelyunaffected relative to CDM, other effects of evaporation may be detectable. Measuring the massand the profile around cluster satellites (especially as a function of orbit eccentricity) using galaxy–galaxy lensing to measure the mass-to-light ratio of subhalos can be a promising probe for darkmatter physics (Natarajan et al., 2017). The lensing signal around subhalos is weak and willbe contaminated by the cluster mass profile, so methods like subtracting the lensing signal fromdiametrically opposite points within the cluster can be used to extract the signal. Given the statisticsof cluster galaxies in LSST, it is ideally suited for a study of the weak lensing signal of subhalos.Second, as subhalos are also tracers of the dark matter density field within the cluster, their orbitswill be affected by the change in the potential of the cluster near the core relative to CDM. Thiseffect can lead to an imprint in the radial distribution of subhalos in clusters, generally by makingthe subhalos less concentrated toward the halo centers.
 Third, non-expulsive interactions can lead to a drag force on subhalos. This has several potentiallyinteresting observable consequences. The location of the splashback radius is sensitive to dynamicsof subhaloswithin the cluster. The splashback radius is the boundary of themultistreaming region ofa halo and is the largest apocenter of recently accreted objects (Diemer & Kravtsov, 2014; Adhikariet al., 2014). The slope of the density profile of a halo falls off rapidly in a narrow localizedregion around this radius, and the splashback radius is observed as a minimum in the slope of theprojected number density profile of galaxies (More et al., 2016; Baxter et al., 2017; Chang et al.,2018). The apocenter of the orbits of subhalos can change if there is extra drag beyond dynamicalfriction (Kummer et al., 2018). Therefore measuring the location of the splashback radius can helpdistinguish between different models of dark matter, although the difference between splashbacklocations in the CDM and SIDM scenarios has not yet been well quantified.
 Similar to the situations discussed above and in merging clusters (Section 3.2.2), the drag forcedue to non-expulsive interactions may also lead to offsets between the light distribution and darkmatter distribution of individual satellites with respect to their subhalos. Small offsets betweenthe subhalo and the galaxy within it may be detectable by indirect means: the potential gradientestablished by the dark matter at the position of the stellar centroid would induce a U-shaped warpin the stellar disk facing the direction of infall, and a longer-lasting disk thickening. Numericalsimulations show these to be observable by current and next-generation photometric surveys underSIDM models with 0.5 cm2 g−1 . σSIDM/mχ . 1 cm2 g−1 (Secco et al., 2018). While S-shapeddisks formed by tidal distortions of the stellar light profile are abundantly observed in clusterenvironments, indicating that they are readily induced by “baryonic effects,” these effects are notlikely to generate prominent U-shaped warps. Such warps are only formed by a differential forceon the disk and its halo, due to, for example, the SIDM drag. The offset between a satellite galaxyand its subhalo may also be observed directly or statistically with strong lensing (Massey et al.,2011, 2018), but the magnitude of the effect is highly model-dependent (depending strongly on the
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 angular and velocity dependence of the cross section). Current limits are O(1 cm2 g−1) for specificnon-hard-sphere models (Harvey et al., 2015).
 Merging Galaxy Clusters
 In the previous section, we considered subhalos to be minor merger events onto the main cluster.Major cluster mergers can probe the nature of dark matter by serving as the biggest “dark mattercolliders” on account of their high mass and large collision velocities. Dense halos falling togetherat thousands of km s−1 provide an environment where the scattering of dark matter particles offeach other would have observable effects. The observable effects vary depending on the dark mattermodel and the configuration of the merger (Kim et al., 2017). Cluster mergers may also be ableto distinguish between particle models that yield frequent scattering with low momentum transfer(as in a long-range force) and those that yield infrequent scattering with high momentum transfer(as with hard sphere or contact scattering) due to their differing phenomenology in the mergerenvironment. This is in contrast to the halo radial profile and shape constraints discussed in theprevious section, for which the energy and momentum transfer rate matters most and for whichthere is no preferred direction in the problem.
 The best known example of a colliding cluster system is theBullet Cluster, which has been frequentlystudied as a laboratory for SIDM (Randall et al., 2008; Robertson et al., 2017b). However, since acluster merger is an eons-long process of which we have only a single snapshot, the measurementuncertainty is dominated by our very limited knowledge of the merger history. While it will remaincritical to investigate individual clusters in great detail, the power of LSST lies in systematicallyanalyzing a population of merging clusters with a consistent method, thereby constraining theproperties of dark matter. LSST will contribute to better and more robust constraints not onlythrough the study of already known systems, but also by enabling the discovery of many moremerging systems. Because mergers displace plasma from galaxies, they are best discovered bycross-correlation of LSST optically-detected clusters with radio and X-ray surveys (Golovich et al.,2018; Wilber et al., 2018).
 The first SIDM constraints based on a merging galaxy cluster came from the Bullet Cluster, whichwas originally identified as an extremely hot X-ray cluster with two galaxy peaks. Higher resolutionoptical and X-ray imaging revealed a spectacular post-merger system with a clear X-ray cold frontand shock. The spatial agreement of the galaxies and mass centroids obtained by weak lensing, andthe disassociation of the intra-cluster medium (ICM) led to the constraint σSIDM/mχ . 2 cm2 g−1
 for hard-sphere scattering (Markevitch et al., 2004; Randall et al., 2008; Robertson et al., 2017b,a).Many other dissociative mergers have been found and studied, with roughly similar cross sectionlimits (but with greater systematic uncertainty, e.g., Bradač et al., 2008).
 After several “dissociative” mergers had been discovered, ensemble studies of the offsets betweendark matter, galaxies, and gas were utilized to drive down the Poisson noise from inference onindividual systems. Harvey et al. (2015) modeled 72 subclusters within 30merging systems to placethe strongest constraint on SIDM (σSIDM/mχ < 0.47 cm2 g−1). The study assumes a simplifieddrag force model where dark matter behaves similar to the ICM. However, Wittman et al. (2018)
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 reanalyzed the sample including more comprehensive data. They identified several substantialerrors that were driving the result and obtained a revised limit of σSIDM/mχ . 2 cm2 g−1.
 The drag force model applies best to particle models with frequent interaction and low momen-tum transfer per interaction. In models with infrequent, high momentum transfer interactions(including hard-sphere scattering), dark matter particles may be scattered out of the cluster entirely.(Evaporation also occurs for small-angle scattering, though—see Kahlhoefer et al. 2014.) Thismass loss may be detected by comparing the mass-to-light ratio of merging clusters with thoseof non-merging clusters, on the assumption that the merger does not affect the galaxy light. Thisargument leads to a constraint of σSIDM/mχ . 1 cm2 g−1, similar to current constraints on the dragmodel. However, the assumption that the galaxy light is unaffected is a source of uncertainty here.The LSST discovery of many more merging clusters, with six-band LSST photometry, will help usquantify this source of uncertainty.
 Several billion years post-pericenter, after a merging cluster has coalesced into a single cluster,SIDM will still create a cored dark matter distribution in the center of the cluster. For σSIDM/mχ ∼1 cm2 g−1, this core is ∼ 100 kpc (although the baryonic potential can alter the dark matterdistribution). Kim et al. (2017) presented the effect of this on the brightest cluster galaxies(BCGs) up to 10 Gyr post-pericenter. They demonstrated a wobbling in the BCG as it is able tooscillate about the shallow potential for many oscillations. Harvey et al. (2017a) analyzed a smallset of massive clusters and compared the BCG location with a strong lensing based estimate of thegravitational potential centroid. They compared these observations with hydro-CDM simulationsto show that the observations suggest a cored dark matter halo in these clusters of ∼ 10 kpc. Harveyet al. (2018) recently studied cluster-scale halos in hydrodynamic simulations, and saw offsets thatgrew with cross section and halo mass, although with a smaller amplitude than the dark-matter-onlysimulations of Kim et al. (2017) implied. LSST will characterize thousands of relaxed clusters thatinvariably will have undergone a merger in their history. With deep and relatively high resolutionimaging, LSST will allow for single snapshots of the BCG alignment in every massive cluster, andalso for detection of faint strong lensing streaks in many of these systems.
 SIDM properties are sensitive to the separation between the centroid of the X-ray emitting hotplasma, i.e., intra-cluster medium (ICM), galaxies, and dark matter. Accurate measurements of theX-ray centroid of the X-ray emitting gas in clusters of galaxies requires sub-arcsec imaging withX-ray telescopes. The Chandra X-ray observatory with 0.5 arcsec FWHM PSF currently providesthe most precise location of the ICM. Next-generation high spatial resolution X-ray observatories,e.g., Lynx and AXIS with much higher throughput, will provide accurate measurements of centersof high-redshift clusters (z > 1) in the 2030’s and will enable tests of SIDM models over a muchlarger redshift range.
 3.3 Compact Object Abundance
 William A. Dawson, Nathan Golovich, Simeon Bird, Yacine Ali-Haïmoud, Juan García-Bellido,Marc Moniez, Michael Medford, Robert Armstrong
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 MAssive Compact Halo Objects (MACHOs; Griest, 1991) have a long history as dark mattercandidates (Ostriker et al., 1974; Bahcall & Soneira, 1980; Gott, 1981; Paczynski, 1986; García-Bellido et al., 1996; Clesse & García-Bellido, 2015; Bird et al., 2016; Clesse & García-Bellido,2017). Cosmological observations of the CMB, BAO, and deuterium abundances have shownthat compact objects must be non-baryonic if they are to make up a majority of dark matter (e.g.Planck Collaboration et al., 2016). As described in Section 2.3, this has led to the identificationof primordial black holes (PBHs) as the most popular candidate for MACHO dark matter (García-Bellido et al., 1996). There are a number of astrophysical probes that constrain the PBH darkmatter abundance over mass scales ranging from 10−17 − 1015 M (Figure 12). At the lowestmasses (M < 10−9M), PBHs are constrained through the non-detection of PBH evaporation in theextragalactic gamma-ray background (e.g., Carr et al., 2010, 2016b), non-detection of femto-lensingof gamma-ray bursts (e.g., Barnacka et al., 2012), the rate of SN Type 1a (Graham et al., 2018),and neutron star capture (e.g., Capela et al., 2013). The landscape of intermediate-mass MACHOS(10−11M < M < 10M) is predominantly constrained by microlensing observations, which limitthe monochromatic compact dark matter fraction to be . 10% over this mass range (e.g., Alcocket al., 2001; Tisserand et al., 2007; Wyrzykowski et al., 2009, 2016; Niikura et al., 2017; Calcinoet al., 2018). At the high-mass end (M & 103M), PBH dark matter is subject to constraints fromdynamical stability of wide binary stars (e.g., Quinn et al., 2009; Yoo et al., 2004), star clusters(e.g., Brandt, 2016; Li et al., 2017), dwarf galaxies (Koushiappas & Loeb, 2017), and the Galacticdisk (e.g., Lacey & Ostriker, 1985; Xu & Ostriker, 1994). Lyman-α observations disfavor PBHswith M > 104M based on an observed plateau in the Poisson term of the matter power spectrum(Afshordi et al., 2003). Strong constraints have also been placed on the abundance of PBHs withmass & 1M using CMB anisotropies (Ricotti et al., 2008). However, these constraints havebeen shown to be extremely model dependent and were relaxed substantially in subsequent studies(Ali-Haïmoud & Kamionkowski, 2017). This, in addition to recent direct observations by LIGOof mergers of 10 − 50M black holes, potentially with less spin than expected (Abbott et al., 2016;The LIGO Scientific Collaboration et al., 2018a,b), has motivated a renewed interest in PBH darkmatter with larger masses than have been so far constrained directly by microlensing.
 In this section, we focus on the ability of LSST to directly detect signals of compact halo objectsthrough precise, short (∼ 30 s) and long-duration (∼ years) gravitational microlensing observations.If scheduled optimally, the wide field-of-view, high cadence, and precise photometry of LSSThave the potential to extend PBH sensitivity to ∼ 0.03% of the dark matter fraction for masses10−12 . M . 10−6 and > 0.1M (Figure 12). We briefly mention that LSST will also probePBHs by determining the rate of SN Type 1a, identifying candidate wide-binary star systems atgreater distance than is possible with Gaia, and through dedicated mini-surveys of high stellardensity fields (similar to that performed with HSC by Niikura et al. 2017).
 3.3.1 Microlensing
 Gravitational microlensing, the achromatic brightening and dimming of background stars due tothe transit of a massive compact foreground object, can be used to directly detect and measure
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 Figure 12. Constraints on the maximal fraction of dark matter in compact objects from existing probes (blue and gray)and projections for LSST (gold). Existing constraints include: lack of extragalactic gamma-rays from PBH evaporation(EGR; Carr et al., 2010, 2016b), gamma-ray femtolensing (GF; Barnacka et al., 2012), neutron star capture (NS Capelaet al., 2013), M31 microlensing (M31ML Niikura et al., 2017), Milky Way microlensing (MWML; Tisserand et al., 2007;Alcock et al., 2001; Wyrzykowski et al., 2009), lensing of supernovae (LSN; Zumalacárregui & Seljak, 2018; Garcia-Bellido et al., 2017), Eridanus II and other dwarf-galaxy constraints (EII; Brandt, 2016; Li et al., 2017), wide binarystars (WB; Quinn et al., 2009; Yoo et al., 2004), cosmic microwave background (CMB; Ali-Haïmoud & Kamionkowski,2017; Ricotti et al., 2008), and disk stability (DS; Lacey & Ostriker, 1985; Xu & Ostriker, 1994). There are a rangeof constraints for most astrophysical probes in the literature due to varying assumptions within a single work (EGR,NS, and EII) and reanalysis/disagreements between groups (WB, CMB). We present the most conservative constraints inblue and the most aggressive constraints in gray. The projected LSST Milky Way (MW) microlensing and paralensingconstraints are from a Monte Carlo analysis where lenses were injected into light curves based on LSST OpSim cadencesimulations. The paralensing constraint comes from assuming that only the secondary microlensing parallax signal isused for discovery, and not the primary heliocentric microlensing signal.
 the properties of PBHs. The idea of employing microlensing to search for compact objects in theGalactic halowas proposed by Paczynski (1986), and several photometric surveys commenced in the1990’s includingMACHO (Alcock et al., 1992), OGLE (Udalski et al., 1992), and EROS (Aubourget al., 1993). These collaborations provided the first direct constraints on the compact nature ofdark matter; however, they were limited by image quality, analysis techniques, and computationalresources. These limitations, combined with the ∼ 10-year duration of these surveys, led to a loss ofsensitivity at M & 1M. LSST can surpass this limitation by directly detecting events based purelyon the parallactic component of the lensing signal (Figure 13). Furthermore, by supplementing theLSST survey with astrometric microlensing surveys using other telescopes (HST, Keck AO), LSSTcan break the lensing mass-geometry degeneracies and make precise measurements of individualblack hole masses, thereby measuring the black hole mass spectrum in the Milky Way halo.Thus, if PBHs make up a significant fraction of dark matter, LSST will effectively measure their“particle” properties. A precise measurement of the PBH mass spectrum will provide insight intothe fundamental physics of the early universe.
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 Figure 13. Left: The microlensing and paralensing signals for a 23 mag source being lensed by a 50M black hole.For events with an Einstein crossing time much less than a year (. 1M), the microlensing magnification will appearsymmetric in time (orange curve). For microlensing events lasting on the order of a year or more (& 1M), the lensinggeometry changes due to parallax as Earth orbits the Sun. This paralensing signal has a period of a year, with the phasedetermined by the coordinates of the source star, making it robust to astrophysical systematics. The black data pointsare representative of extending the LSST wide-fast-deep cadence into the Galactic plane. Right: A cartoon diagram ofparalensing. For microlensing events lasting on the order of a year or more, the lensing geometry changes as Earth orbitsthe Sun, leading to a parallax effect.
 The Microlensing Signal
 Gravitational microlensing results in two potentially observable features: (1) photometric mi-crolensing, a temporary achromatic amplification of the brightness of the background source,and (2) astrometric microlensing, an apparent shift in the centroid position of the source. Thecharacteristic photometric signal of a simple point-source, point-lens (PSPL) model as observedfrom the center of the solar system is symmetric, achromatic, and has both a timescale andmaximumamplification that depend on the mass of the lens. LSST will observe billions of stellar sourcesin multiple filters over several years to enable the detection of thousands of microlensing eventsacross a wide range of timescales and consequently a wide range of masses. This simple PSPLmodel is complicated by astrophysical factors including the velocity distribution of sources andlenses, extinction due to Galactic dust, blending in dense stellar fields, and the shift in perspectiveresulting from viewing a microlensing event while the Earth revolves around the Sun. Fortunately,these complications can be addressed and disentangled to arrive at the mass of the gravitationallens and a detection of dark matter via microlensing (Wyrzykowski et al., 2015, 2016).
 One particularly powerful feature for long-duration microlensing events results from the changein the geometric configuration of the source-lens-observer system as the Earth orbits the Sun(Figure 13). The change in viewing angle and distance results in a parallax effect that imposesa 1-year periodicity on top of an otherwise symmetric microlensing light curve. This additionalsignal exists irrespective of the mass of the lens, providing an independent measurements of thedistance of the lens and breaking the mass-distance degeneracy of a microlensing signal (e.g.,Wyrzykowski et al., 2016). This enables microlensing to directly constrain compact dark matter atmuch larger mass scales (M & 1M), where the duration of the event is & 1 year. Based on Figure
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 3 from Wyrzykowski et al. (2016), we expect that LSST will be able to use paralensing to detect10M lenses out to a distance of ∼ 5 kpc.
 Moreover, if primordial black holes are significantly clustered in the halo of our galaxy, formingpockets of hundreds of massive PBH, then one should expect to detect a few very-long-durationmicrolensing events, of order decades (García-Bellido, 2017). If one of the constituent PBH in thecluster happen to be directly along the line of sight of the magnified star then one would expect, ontop of the smooth Paczynski curve, a sharp caustic associated with the Einstein-ring crossing timeof the individual PBH within the cluster (García-Bellido, 2018).
 Gravitational lensing is achromatic, making themultiple filter observations of LSST a key advantagefor distinguishing amicrolensing signal from other astrophysical transient and variable objects. Thebenefit derived from multi-filter observations will depend strongly on the selected LSST cadence.Microlensing signals are more easily extracted from frequent observations in fewer filters, as longas sources are observed in at least two colors.
 Microlensing Systematics
 As with any empirical observation, microlensing measurements are subject to systematics that mustbe accounted for. We briefly summarize these systematics and strategies for mitigating their effect.
 Variable and binary stars: Temporally variable objects are a potential source of false detections atall timescales. However, the microlensing signal can be distinguished because, modulo secondaryambiguous blending effects, it is achromatic. Most astrophysical variable and binary stars, bycontrast, are associated with a temperature dependence and thus have chromatic variability. Toleverage this fact, it is necessary for LSST to survey high-stellar-density fields in at least two bands.Furthermore, for microlensing events with durations & 1 year, mimicking the annual parallax signalimprinted on the microlensing signal would require a binary or variable star with a period of exactly1 year.
 Blending: Given the typical scale of the Einstein radius (the approximate region where amicrolensing signal is detectable), the odds of a microlensing event along an arbitrary line ofsight are ∼ 10−7–10−5.5 (e.g., Alcock et al., 2000; Sumi et al., 2006). Due to the low probability ofa microlensing event, most observable microlensing events will be in dense stellar fields (e.g., theGalactic plane, Magellanic Clouds, M31), driving microlensing surveys to these regions.
 These dense survey fields, coupled with LSST depth and ground based PSF with FWHM ∼ 0.7′′(Ivezić et al., 2008), lead to significant ambiguous blending (i.e., multiple objects within a singlePSF). Towards the Galactic center there are ∼ 50 stars within an LSST PSF, similarly there are∼ 15 and ∼ 5 stars per PSF in the Galactic bulge and disk, respectively (Sajadian & Poleski, 2018).LSST can overcome much of the blending problem to detect variations in the brightness of stars,including the detection of microlensing lightcurves, through the process of difference imaging.With difference imaging, reference images are built through the coaddition of multiple observationof the same fields, resulting in a deep image of the static sky. Reference images are then scaled and
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 PSF-matched to individual observed science images and subtracted off, resulting in a differenceimage that only contains the signal that differs from the static sky.
 Difference imaging should reduce many of the systematic effects associated with blending. Follow-up high resolution imaging from space or gronud-based adaptive optics can mitigate most blendingissues for detected microlensing events. Blending systematics could also be mitigated throughspectroscopic follow-up of microlensing events before and after crossing. Lensing by low-massstars will alter the spectrum of the source, while PBH lensing will leave the spectrum unchanged.
 Cadence: The temporal cadence of LSST observations will be important for optimizing sensitivityto microlensing events. While high-mass PBHs should be accessible through relatively sparseobservations distributed over the course of the year, smaller black holes require higher cadenceobservations. (Street et al., 2018) suggest an observation strategy that includes a survey of theGalactic Bulge, Galactic Plane, and Magellanic Clouds with a reduced filter set at a cadence of 2– 3 days. Observing the same region in at least two filters within the same night will allow tests ofachromaticity. Olsen et al. (2018) suggest very high-cadence observations of theMagellanic Clouds(continuous 15s exposures), which should be sensitive to microlensing events from low-mass PBHsand scintillation light from invisible baryons (e.g., Moniez, 2003). The short readout time of theLSST Camera (2 s) should allow for high-cadence observations of very short duration, subsolarmass PBHs, similar to the HSC observations of M31 (Niikura et al., 2017).
 Galaxy Model: While microlensing can be detected independent of any detailed knowledgeof Galactic structure, properly incorporating uncertainty in the Galactic dust, stellar velocitydistributions, and dark matter halo model is essential to interpret the microlensing signal inthe context of dark matter. Significant improvements in our understanding of the Milky Way’sdark matter halo have been made on this front since the first microlensing surveys (e.g., Calcinoet al., 2018), and LSST will further improve these estimates (Section 4.4). In addition, systematicmicrolensingmeasurements, especiallywhen extended to theGalactic spiral arms, have the potentialto strongly constrain the baryonic structure of the Galaxy in terms of mass density distribution andkinematical structure (e.g., Moniez et al., 2017).
 Projected Sensitivity
 We project the LSST Milky Way (MW) microlensing and paralensing sensitivity from a MonteCarlo analysis of injected light curves based on LSST OpSim cadence simulations. We injectsimulated microlensing signals onto the OpSim lightcurves for 200k PBH lenses in the mass rangefrom 10−2M to 108M distributed using a triangular density distribution, where p(r = 0 kpc) = 0and p(r = 8 kpc) = 0.25. The sources are assumed to be 23 mag stars located at 8 kpc withmeasurement noise generated from the standard LSST photometric error model (Ivezić et al.,2008). LSST is expected to detect ∼ 109 such stars, with an optical depth of 4.48 × 10−6 (Sumiet al., 2006). The paralensing constraint comes from assuming that only the secondarymicrolensingparallax signal is used for discovery, and not the primary heliocentric microlensing signal.
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 3.4 Anomalous Energy Loss Mechanisms
 Maurizio Giannotti, Oscar Straniero, Samuel D. McDermott, Alex Drlica-Wagner
 Observations of stars provide a mechanism to probe temperatures, particle densities, and timescales that are inaccessible to laboratory experiments. Since conventional astrophysics allows us toquantitatively model the evolution of stars, the detailed study of stellar populations can provide apowerful technique to probe new physics. In particular, if new light particles exist and are coupledto Standard Model fields, their emission would provide an additional channel for energy loss.Such anomalous energy loss mechanisms would change the time that stars spend in specific stellarevolutionary phases. Such deviations are a robust predictions of light, weakly coupled particles,and the general agreement between observations and Standard Model predictions has been used toconstrain the properties of many types of new particles (Raffelt, 2008; Friedland et al., 2013; Anet al., 2013; Redondo & Raffelt, 2013; Chang et al., 2017; Hardy & Lasenby, 2017; Hyeok Changet al., 2018).
 While the predictions of the Standard Model are broadly consistent with observations of stellarevolution, several independent observations have shown a systematic preference for an additionalsubdominant energy-loss mechanism (see Giannotti et al. 2017 for a recent review). Theseobservations include red giants branch (RGB) stars, in particular the luminosity of the tip ofthe branch (Viaux et al., 2013a,b); horizontal branch stars (HB), specifically by comparing thenumber of HB and RGB stars (Ayala et al., 2014; Straniero et al., 2015); variable white dwarf (WD)stars, for which the cooling efficiency was extracted from the rate of the period change (Kepleret al., 1991; Isern et al., 1992; Bischoff-Kim et al., 2008; Córsico et al., 2012a,b, 2014, 2016;Battich et al., 2016); and the WD luminosity function (WDLF), which describes the distributionof WDs as a function of their luminosity (Isern et al., 2008; Miller Bertolami et al., 2014; Isernet al., 2018). Observed discrepancies between these stellar measurements and predictions fromconventional models of stellar cooling can be interpreted as the need for additional energy loss(Figure 14). Giannotti et al. (2016) provide a systematic analysis of the new-physics interpretationof stellar observations where cooling anomalies have been reported, and they conclude that axionsand ALPs are the best candidates to account for the observed discrepancies. While these ‘hints’of anomalous cooling represent subdominant deviations to broadly successful models of stellarevolution, it is imperative to explore possible signatures of new physics when they arise.
 LSST will greatly improve our understanding of stellar evolution by providing unprecedentedphotometry, astrometry, and temporal sampling for a large sample of faint stars (LSST ScienceCollaboration et al., 2009). These observations will allow us to better assess the significance ofclaimed anomalies, and will further guide constraints on (or detection of) new physics. A betterunderstanding of astrophysical energy transport will ultimately help shed light on the physics oflight, weakly-coupled particles and will offer an invaluable guide to future experimental searchesfor axions and ALPs (Irastorza & Redondo, 2018).
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 Figure 14. Left: Existing experimental and observational constraints on the QCD axion (Redino, 2015). Right:Constraints on ALP coupling to photons (Ringwald, 2012). Astrophysical constraints and hints include observations ofwhite dwarfs (WD), globular clusters (GC), supernova (SN), and horizontal branch stars (HB). Note the wide range ofmass and coupling scales that are constrained by these observations.
 3.4.1 White Dwarf Luminosity Function
 The white dwarf luminosity function (WDLF) plays a particularly significant role in our under-standing of stellar cooling and offers a fundamental method to test new physics. Measurementsof the slope of the WDLF can probe additional energy loss mechanisms and the production rateof the novel particle responsible for the nonstandard cooling. The general agreement between theobserved WDLF and predictions from standard astrophysics has been used to place bounds onthe axion-electron coupling (Isern et al., 2008; Miller Bertolami et al., 2014), on the anomalousneutrino magnetic moment (Miller Bertolami, 2014), on the kinematic coupling of dark photons tostandard photons (Chang, 2016), and on the variation of the gravitational constant (Althaus et al.,2011). However, several recent analyses of the WDLF have shown a preference for additionalenergy loss with respect to the Standard Model predictions. In particular, Miller Bertolami et al.(2014) used data from the Sloan Digital Sky Survey (SDSS) and the SuperCOSMOS Sky Survey(SCSS) to show a 2σ discrepancy from the Standard Model prediction, which could be explainedby axions coupling to electrons with gφe ' 1.4 × 10−13.3 These measurements of the WDLF haveguided experimental searches for axions and ALPs, particularly the IAXO (Irastorza et al., 2011;Armengaud et al., 2014), and ALPS II (Bähre et al., 2013; Spector, 2018) experiments.
 Observations from the Gaia satellite have already increased the catalog of WDs by an order ofmagnitude with respect to SDSS (Kilic et al., 2018; Jiménez-Esteban et al., 2018; Gentile Fusilloet al., 2019). The growing sample of WDs with precisely measured distances will enable animproved measurement of the WDLF. However, the completeness of the Gaia sample is limitedto WDs within 100 pc (Gentile Fusillo et al., 2019). LSST is expected to detect WDs that are5 to 6 magnitudes fainter than those detected by Gaia, ultimately increasing the census of WDs
 3The additional energy can also be accounted for by dark photons (Giannotti et al., 2016; Chang, 2016), but not by anomalous neutrinoelectromagnetic form factors (Miller Bertolami, 2014).
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 to tens of millions (LSST Science Collaboration et al., 2009). LSST will provide more completeand homogeneous samples of WDs, allowing for a significant reduction in both the statistical andsystematic uncertainties in measurements of the WDLF. LSST is expected to measure hundreds ofthousands of WDs in the Galactic halo, enabling the construction of a reliable luminosity functionof halo WDs. By deriving independent WDLFs from different Galactic populations it will bepossible to reduce uncertainties related to star formation histories, and to ultimately provide a moreclear assessment of the physical origin of the cooling anomalies (Isern et al., 2018).
 The growing sample of WDs will similarly increase the known population of variable WDs withpulsation periods of 100s–1500s. Measured changes in the pulsation periods of WDs can be usedto directly constrain the rate of cooling (e.g. Althaus et al., 2010). Indeed, hints of anomalouscooling from axions have been claimed (e.g. Córsico et al., 2012a,b), though more recent analysesset upper limits at the level of gae < 3.3 × 10−13 (Battich et al., 2016). LSST will greatly increasethe sample of pulsating WDs, enabling high-cadence follow-up observations to precisely measurechanges in pulsation period and probe anomalous cooling mechanisms.
 3.4.2 Globular Cluster Stars
 Massive stars, specifically those close to the helium burning phase, provide another excellentenvironment to study anomalous energy lossmechanisms. Stellar evolutionary codes such asMESA(Paxton et al., 2011) provide a good model for the evolution of massive stars, allowing constraintsto be placed on novel particle production (e.g., Friedland et al., 2013; Hardy & Lasenby, 2017).Several recent analyses of giant branch stars have reported deviations from standard stellar modelpredictions that can be interpreted as a signature of anomalous energy loss. For example, studieshave shown a brighter-than-expected tip of the RGB (TRGB) in the M5 globular cluster (Viauxet al., 2013a,b), indicating somewhat over-efficient cooling during the evolutionary phase precedingthe helium flash. The anomalous brightness, ∆MI,TRGB ' 0.2 mag in absolute I-band magnitude,observed in M5 can be interpreted as an anomalous cooling of a few 1033 erg/s. Such coolingcould be accounted for by a neutrino magnetic moment or an axion-electron coupling of the orderof that predicted from the WDLF (Viaux et al., 2013a). These constraints can be improved usingmulti-band photometry of multiple globular clusters (e.g., Straniero et al., 2018).
 Advances in the analysis of globular cluster RGB stars are currently limited by modeling uncertain-ties on the stellar evolution of the giant branch. Fundamental improvements should be expected inthe near future. In particular, exquisite astrometry from the Gaia satellite will precisely determinecluster distances, currently the largest sources of observational uncertainty in the determinationof the absolute luminosity of the TRGB.4 Moreover, the angular resolution of the next-generationspace-based missions, such as JWST (Gardner et al., 2006), will enlarge the statistical sample ofRGB members near the cores of GCs. The brightness of RGB stars in nearby GCs limits thecontributions of LSST, which saturates at g ∼ 17 mag and suffers from crowding near the coresof GCs. However, LSST will enable independent measurements of GC distances, providing a
 4The Gaia data relevant for GCs are expected in 2022 (Pancino et al., 2017).
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 valuable handle on systematic uncertainties of Gaia observations.5 Moreover, it is likely thatthe homogeneity and precise photometry of LSST will improve the calibration of the bolometriccorrections for RGB and HB stars and ultimately contribute to a more clear assessment of thecooling of GC stars.
 3.4.3 Massive Stars and Core-Collapse Supernovae
 The cores of massive stars are among the most powerful natural laboratories to investigate thepossible production of weakly interacting light particles, particularly axions. The energy loss ratevia axions is quite sensitive to temperature. For instance, the rate of the Primakoff process (thephoton-axion conversion in the static electric field of ions and electrons) scales as T4. Figure 15shows the evolution of the neutrino and axion luminosities in a 18M star. After He burning, thecentral temperature rapidly increases, becoming larger than 109 K. In standard stellar models (noaxions or other non-standard cooling), the energy loss by neutrinos largely overcomes the energyloss by photons. This rapidly decreases the evolutionary time scale and determines the chemical andphysical structure of the star at the onset of core collapse. In this context, an additional energy lossmechanism may significantly affect the pre-explosive stellar structure and, in turn, may determinethe success or failure of a core collapse supernova (CCSN). Such an effect may be revealed byconnecting CCSNe to their massive star progenitors, something that will be enabled by the widearea and high temporal cadence of LSST.
 Another powerful strategy by which novel particles can be constrained is by considering theevolution of the neutrino cooling phase of nearby SNe (i.e., SN1987A Burrows, 1988; Raffelt &Seckel, 1988). The simplest and most robust method by which such constraints can be implementedis the so-called “Raffelt criterion,” which limits the luminosity of new particles to be below theluminosity of neutrinos during the neutrino-cooling phase (Raffelt, 2008). Neutrino observationsof SN1987A have been used to place limits on a wide variety of new particles (Arndt & Fox, 2003;Chang et al., 2017; Hardy & Lasenby, 2017; Hyeok Chang et al., 2018; Lee, 2018). Again, it ispossible that a subdominant release of energy into new particles is responsible for resolving somelingering inconsistencies with the Standard Model-only picture of CCSNe explosions (Fuller et al.,2009; Graham et al., 2018), though such an effect is difficult to resolve analytically on top of otherqualitative uncertainties of the Standard Model-only picture (Vartanyan et al., 2019; Bar et al.,2018). LSST, in combination with upcoming neutrino experiments (i.e., DUNE), will help reduceStandard Model uncertainties and expand this analysis to future and more distant CCSNe (DUNECollaboration et al., 2018).
 LSST is expected to discover ∼ 3.5 × 105 CCSNe per year (Lien & Fields, 2009). For nearby SNe,LSST will be able to resolve massive progenitor stars in pre-explosion imaging. So far, a clearidentification of progenitor stars has been obtained only for about 20 type II SNe (Smartt, 2015).
 5The parallaxes of bright (G < 14 mag) sources can be derived with a median uncertainty of 0.04 mas in Gaia DR2. However, for fainter starsthe parallaxes become sensitive to systematic errors. Presently, these systematics hamper a precise determination of GC distances (Chen et al.,2018).
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 Figure 15. Evolution of the luminosities of neutrinos and axions in a M = 18M stellar model (t in years), relativeto the photon luminosity. The various evolutionary phases are indicated. In the calculation of the axion rate, we haveassumed the current upper bounds on the axion-photon and axion-electron coupling.
 The identification of a much larger number of massive stars before they explode is a mandatory stepfor understanding the CCSNe process and the possible activation of non-standard cooling processesduring the late evolution ofmassive stars. Recent theoretical studies have investigated the conditionsfor which amassive star successfully bounces after core collapse, giving rise to a SN (e.g., O’Connor& Ott, 2011; Sukhbold et al., 2016, and references therein). In particular, it was found that theability to explode predominantly depends on the structure of the progenitor. Therefore, besidesproviding more clear insight into the SN engine, LSST will provide a solid framework to test thepresence of novel cooling channels efficient during pre-SN evolution, constraining or hinting at theexistence of axions or other weakly interacting particles.
 3.5 Large-Scale Structure
 J. Anthony Tyson, Rogerio Rosenfeld, Keith Bechtol, Francis-Yan Cyr-Racine
 LSST is anticipated to produce the largest and most detailed map of the distribution of matterand the growth of cosmic structure over the past 10 billion years. The large-scale clustering ofmatter and luminous tracers in the late-time universe is sensitive to the total amount of dark matter,the fraction of dark matter in light relics that behave as radiation at early times, and fundamentalinteractions in the dark sector. For example, the high densities of matter and energy in the earlyuniverse imply that even extremely weakly coupled dark matter particles can leave detectableimprints on the galaxy distribution today. Dark matter that couples to photons, neutrinos, or alight scalar field could produce dark acoustic oscillations analogous to baryon acoustic oscillations
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 (Cyr-Racine et al., 2014). Large-scale structure probes would be particularly competitive for multi-component dark matter models in which only a fraction of the dark matter couples to dark radiation.Meanwhile, LSSTwill enable tests of dark matter with non-standard gravitational interactions, suchas violations of the equivalence principle (Bonvin & Fleury, 2018) and interactions between darkmatter and dark energy. The nature of the dark matter can be broadly described by a so-calledGeneralized Dark Matter model (Hu, 1998), which has been recently explored in a study of the darkmatter equation of state through cosmic history (Kopp et al., 2018). Dark matter probes involvinglarge-scale structure highlight the interconnectedness of dark matter and dark energy research, bothin terms of testing the validity of the standard cosmological paradigm, and overlap in the specificanalysis methods employed. The studies described in this section are illustrative examples of howthe nature of dark matter can be probed employing the same galaxy clustering and weak lensingtechniques as used in dark energy constraints.
 As one specific example, measurements of large-scale structure with LSSTwill enhance constraintson massive neutrinos and other light relics from the early universe that could compose a fractionof the dark matter. The combination of galaxy imaging and redshift surveys together with CMBexperiments in the coming decadewillmake it possible tomeasure the density of relativistic particlesin the early universe at the percent level. The existence of the cosmic neutrino background canalready be inferred from temperature fluctuations of the CMB (Planck Collaboration et al., 2018)and Big Bang nucleosynthesis (Cooke et al., 2018), and a major goal of upcoming cosmologyexperiments is to measure the sum of neutrino masses at the few milli-eV level using weakgravitational lensing and galaxy clustering (e.g., Abazajian et al., 2016; DESI Collaboration et al.,2016; Mishra-Sharma et al., 2018).6 In the standard cosmological model with three neutrinos,the effective number of relativistic free-streaming species is Neff = 3.046. Several classes of darkmatter models, such as axions, axion-like particles, dark photons, and light sterile neutrinos, predictdeviations in Neff that could be measurable with LSST and CMB experiments, even if the lightspecies decouple before the QCD phase transition (Font-Ribera et al., 2014; Baumann et al., 2018).Galaxy surveys contribute to constraints on Neff by independently constraining the Hubble constant,which is partially degenerate with Neff , and importantly, by measuring the broadband shape andphase of the galaxy power spectrum, which are sensitive to the gravitational influence of free-streaming light relics. The broadband galaxy power spectrum is less dependent on the primordialhelium abundance and can lend confidence to CMB measurements of Neff .
 Another example demonstrating the potential of large-scale structure to study dark matter involvesprobing possible couplings between dark matter and dark energy (e.g. Böhmer et al., 2008).The observed inhomogeneities in dark matter on large scales could then be reflected as spatialinhomogeneities in the late-time acceleration. This could be observed as spatial variations incosmic acceleration by LSST correlated with the large-scale weak lensing maps of dark matter.Such a spatial correlation is a generic prediction if dark matter and dark energy are causally relatedor if dark energy is emergent (Kobayashi & Ferreira, 2018). A spatially complicated potential leadsto a small cosmological constant from an energy difference between its global and local minima,and dark energy and dark matter are thereby intertwined. If so, and if the universe on sub-horizon
 6The LSST Dark Energy Science Collaboration “Science Roadmap” is available at this url.
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 Figure 16. A schematic diagram of the emergence of dark energy anisotropy from an Ising model phase transition anda coupling with the anisotropic distribution of dark matter. Figure taken from Banihashemi et al. (2018).
 scales is not homogeneous, then spatial fluctuations in one component should be correlated withspatial fluctuations in the other, particularly near the epoch of emergence.
 There are other models where dark matter and dark energy are intertwined, such as models wherethey interact (Amendola, 2000; Holden & Wands, 2000). Interacting models can be describedphenomenologically via two fluids that can exchange energy and momentum, described by energy-momentum tensors that are not individually conserved. One can parameterize the coupling of darkmatter and dark energy by writing the divergence of the individual energy-momentum tensors as
 ∇µT (DE) µν = C(DE)
 ν , (3.6)∇µT (DM) µ
 ν = C(DM)ν , (3.7)
 where the superscript (DM) stands for the dark matter fluid and (DE) for the dark energy. Theconservation of the total dark component energy-momentum tensor (we assume the separateconservation of the energy momentum of radiation and baryons),
 ∇µ[T (DM) µ
 ν + T (DE) µν
 ]= 0, (3.8)
 implies thatC(DM)ν = −C(DE)
 ν . (3.9)
 The coupling between dark matter and dark energy is determined by the function C(DM)ν which is
 usually written asC(DM)ν = (8πG)1/2 βρDM∇νφ, (3.10)
 where β is a constant that expresses the coupling strength. In this model, dark energy must bedynamical and here it is modeled by a scalar field φ, such as a quintessence field. In this model,β is the only new parameter in addition to the usual description of the dark energy sector. Thestandard uncoupled case is recovered for β = 0.
 There is a vast literature studying this class of models that can modify both the evolution of thebackground cosmology as well as the evolution of perturbations. For instance, it has been recently
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 claimed that such a model can ease the tension in the measurements of σ8 from CMB and galaxysurveys (Barros et al., 2019).
 LSST can separately map dark matter and dark energy at a redshift where they have roughlycomparable influences on the expansion rate of the universe. Studies of SNe and 3×2pt clusteringprovide two complementary methods of reconstructing dark energy in independent patches withinthe LSST survey footprint (e.g. Scranton et al., 2009). The transition from a dark matter-dominateduniverse to onewith late-time acceleration (dark energy)may hint at some connection between thesetwo components. An angular cross correlation between maps of dark energy and tomographic weaklens maps of dark matter could yield a non-zero signal. If so, the ratio of the cross correlation to theauto-correlations would be a diagnostic of the underlying physics. In this scenario, measurementsof dark energy anisotropy become a probe of the nature of dark matter; Figure 16, reproduced fromBanihashemi et al. (2018), illustrates a Ginzburg-Landau phase transition model that results incorrelated darkmatter-dark energy anisotropy. Quadrupole and higher-order correlated anisotropiesare generated around redshift z = 0.7. This is accessible in LSST maps of dark energy and darkmatter in a broad redshift shell.
 Systematics and synergies: Systematics in the dark energy and dark matter maps on large angularscales must be reduced below the level of any dark matter-dark energy correlation signal. Forexample, systematics in apparentmagnitude and photo-z due to uncorrected extinction fromGalacticdust would be one focus. Encouragingly, the two measures of dark energy anisotropy dependdifferently on wavelength-dependent extinction. A useful null test will be the cross correlationbetween dark energy and dark matter maps with dust maps. This would set the floor for residualextinction systematics, forming the basis for a forward simulation of the resulting dark energy-darkmatter false correlation. As in analysis of CMB data, cuts on Galactic latitude can reveal thelevel of residual systematics. Finally, any dependence of the cross-correlations on redshift coulddiscriminate between models as well as detect redshift-dependent systematics.
 For detection of low multipole sky correlations, observations in the north as well as the south willbe useful. There is important synergy withWFIRST and EUCLID observations in the north. Thesecomplementary data could be calibrated and tested by joint null tests in overlap areas with the LSSTsurvey.
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 Complementarity with Other ProgramsKimberly K. Boddy, Esra Bulbul, Johann Cohen-Tanugi, Alessandro Cuoco, William A. Dawson,Alex Drlica-Wagner, Cora Dvorkin, Christopher D. Fassnacht, Vera Gluscevic, Shunsaku Horiuchi,Charles R. Keeton, Ting S. Li, Marc Moniez, Manuel Meyer, Lina Necib, Ethan O. Nadler, JeffreyA. Newman, Eric Nuss, Andrew B. Pace, Justin I. Read, Joshua D. Simon, Erik Tollerud, DavidWittman, Gabrijela Zaharijas
 LSST will uniquely complement several other experimental studies of dark matter. Below we sum-marize some of these complementary probes, with a specific focus on spectroscopic observations,high-resolution imaging, indirect detection experiments, and direct detection experiments. WhileLSST can substantially improve our understanding of dark matter in isolation, these experimentsare essential to provide a holistic picture of dark matter physics. This section is not intended to becomprehensive, but rather serves to demonstrate the influence that LSST will have on dark matterstudies generally.
 4.1 Spectroscopy
 Joshua D. Simon, Ting S. Li, William A. Dawson, Denis Erkal, David Wittman, Erik Tollerud
 The power of photometric and astrometric measurements from LSST will be significantly aug-mented by additional spectroscopic observations. In particular, spectroscopic follow-up studieswill provide kinematic and redshift information for many of the objects studied by LSST. Giventhe faintness and high density of targets that are expected from LSST, community access to multi-object spectrographs on large-aperture telescopes is essential for these studies (Najita et al., 2016).Due to LSST’s location in the southern hemisphere, southern spectroscopic facilities are best atmaximizing observational overlap.
 Many next-generation telescopes and instruments are currently under development or construction.These facilities can be broadly divided into two categories: wide-field, massively multiplexedspectroscopy on medium- to large-aperture telescopes (∼ 8–10-meter class), and giant segmentedmirror telescopes (GSMTs, ∼ 30-meter class) with relatively smaller fields of view. The former cat-egory includes facilities on existing and future telescopes including the Prime Focus Spectrograph(PFS) instrument on the Subaru telescope (Takada et al., 2014) that is currently under construction;the Maunakea Spectroscopic Explorer (MSE; Hill et al., 2018), a planned 11.25m, wide-field,optical and near-infrared facility completely dedicated to multi-object spectroscopy; the SouthernSpectroscopic Survey Instrument (SSSI), a project concept recommended for consideration by theDOE’s Cosmic Visions panel (Dodelson et al., 2016a,b), and a possible future ESO wide-field

Page 64
                        
                        

4.1 Spectroscopy 57
 spectroscopic facility. The latter category is populated by new facilities such as the Thirty MeterTelescope (TMT; Skidmore et al., 2015), the GiantMagellan Telescope (GMT; GMT Science Book,2018), and the Extremely Large Telescope (ELT; E-ELT Science Office, 2009).
 In this section, we illustrate several examples of how complementary spectroscopy will improvethe measurement of dark matter properties with LSST.
 4.1.1 Milky Way Satellite Galaxies
 In Section 3.1.1 we discussed the derivation of an upper limit on theminimum darkmatter halomassbased on the observed luminosity function of satellites discovered by LSST. An alternative approachis to obtain spectroscopy of individual stars in each satellite to measure its velocity dispersion, fromwhich the central mass and density can be inferred. Then one can compare either the densities orthe circular velocity function directly with theoretical predictions without assumptions about thesubhalo mass function or the stellar mass-halo mass relation.
 Spectroscopy of individual stars in the faint Milky Way satellites that will be identified with LSSTwill require deep observations with multiplexed spectrographs on large telescopes. Measurementsof the stellar velocity dispersions of these systems can be obtained either with 8–10-meter-classtelescopes or with the next generation of 25–30-meter-class telescopes. To assess the feasibilityof spectroscopy of LSST satellites, we create a mock sample of dwarfs based on projections ofthe sensitivity of LSST satellite searches. We estimate the limiting magnitude set by targeting thebrightest 20 stars in each simulated dwarf and apply exposure time calculators for Keck/DEIMOSand GMT/GMACS to determine the integration time needed for each satellite, with the additionalconstraint that no object would be observed for more than 30 hours (∼ 3 nights). As illustrated inFigure 17, spectroscopy of a nearly complete sample of satellites can be pushed ∼ 2 mag fainter inluminosity and a factor of ∼ 2 farther in distance with plausible investments of observing time on aGSMT than with existing facilities.
 In addition to inferring the minimum dark matter halo mass, kinematics from stellar spectroscopycan also reveal the inner densities of the lowest-luminosity dwarf galaxies, for which baryonic effectsare minimal and dark matter physics can be separated from the astrophysics of galaxy formation(Governato et al., 2012; Read & Steger, 2017). A direct measurement of the inner density inthese dwarf galaxies will allow us to distinguish between collisionless CDM, which predicts acuspy NFW profile, and SIDM, which predicts lower central densities (Vogelsberger et al., 2012;Rocha et al., 2013, though see Nishikawa et al. 2019). Moreover, the stellar kinematics will alsoreveal the integral of the dark matter density profile in dwarf galaxies (i.e., the J-factor), which isan essential input for constraints on the dark matter self-annihilation cross section for indirect darkmatter searches in X-ray and γ-ray experiments (e.g., Ackermann et al., 2011).
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 Figure 17. Possibility of spectroscopic follow-up for the LSST satellite population as a function of distance (left) andmagnitude (right). Current telescopes will be able to measure velocity dispersions for ∼ 50% of the expected satellites,while a GSMT can measure velocity dispersions for ∼ 80%.
 4.1.2 Stellar Streams
 As discussed in Section 3.1.2, subhalo encounters with cold stellar streams will induce densityperturbations that will be detectable by LSST, constraining the minimum dark matter halo massand the mass function of dark matter halos from ∼ 105–109M. In addition, these flybys causevelocity perturbations that correlate with the density variations. The velocity signal near streamgaps can bemeasured either via line-of-sight velocitymeasurements from spectroscopy or tangentialvelocity measurements from astrometry, improving the precision with which the perturber mass canbe determined. The velocity variation (peak to peak) from these flybys will be small. To estimatethe amplitude of the perturbation, we consider a stream orbiting the Milky Way at a distance of 14kpc and compute the typical maximum velocity kick expected over its lifetime of 5 Gyr using theformalism from Erkal et al. (2016). The velocity change is ∼ 0.6, 0.3, 0.1 km s−1 for subhalos inthe range 107.5, 106.5, 105.5M, respectively.
 Due to the low density of the stream stars, amassivelymultiplexed, wide field-of-view spectroscopicfacility such as PFS on Subaru or MSE is needed. Furthermore, given the expected small velocitykick amplitude, the velocity for each star determined from the spectroscopic observation need tobe extremely precise. Considering that the typical gap size for a 106M subhalo is a few degrees,and the typical known streams has 10–100 stars/degree at r . 23 (e.g., Erkal et al., 2017; de Boeret al., 2018), a velocity precision of ∼ 1 km s−1 per star would allow an unambiguously detectionon the signal with an ensemble of stream stars.
 LSST Dark Matter

Page 66
                        
                        

4.2 High-Resolution Imaging 59
 4.1.3 Galaxy Clusters
 As noted in Section 3.2.2 one of largest systematics associated with merging galaxy clusterconstraints on SIDM is modeling the merger dynamics, most importantly the relative speed atthe time of pericenter. This can be inferred from the observed line-of-sight speed by correcting forthe viewing angle and evolving the equations of motion back to the time of pericenter. Therefore, aminimal requirement is a good measurement of the systemic line-of-sight speed of each subcluster,which implies spectroscopic redshifts for hundreds of members of each subcluster (e.g., Golovichet al., 2018). In addition, a thorough spectroscopic survey of the surrounding ∼10 arcmin regionis required to test for the presence of additional substructures that could affect reconstruction ofthe merger scenario. 10-m class collecting area is sufficient for most known mergers, but becausemember galaxies can be packed quite closely in their respective subclusters, fiber collision avoidanceis a limiting factor for many instruments designed for wide-field highly multiplexed spectroscopy.As noted in Najita et al. (2016), perhaps the best spectroscopic follow-up facilities are largetelescopes with slitmask-like multi-object spectrographs, or fiber-based multiplex spectrographswith low (O( arcsec)) fiber collision regions.
 4.2 High-Resolution Imaging
 William A. Dawson, Christopher D. Fassnacht, Charles R. Keeton, David Wittman, Marc Moniez
 Since the LSST point spread function (PSF) is limited to a median angular resolution of ∼ 0.7′′by a combination of instrumental and atmospheric effects (Ivezić et al., 2008), there are manydark matter science cases where higher resolution imaging from space or ground-based adaptiveoptics (AO) facilities, which can reach ∼ 0.01′′ in some cases, can be highly complementary. Webriefly summarize some of these cases in this subsection and relate them to the dark matter sciencecapabilities of LSST.
 4.2.1 Astrometric Microlensing
 Related to photometric microlensing (Section 3.3.1), astrometric microlensing relies on the factthat the two images generated during a compact object lensing event will be of differing brightness,and the brightness ratio of these two images will vary throughout the duration of the lensingevent. The two images will be of most similar brightness when the projected lens-sourceseparation is at its minimum. By precisely measuring the astrometry of these blended imagesas a function of time and combining with the LSST photometric microlensing measurement onecan break the lens mass-distance degeneracy and precisely measure the mass and location ofindividual black holes (Yee, 2015). Astrometric microlensing will require precise astrometryfrom ground-based optical/NIR systems, space-based observatories, or longer microwave or radio
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 Figure 18. The Einstein radius (i.e., 1/2 the separation of the multiple images) for microlensing lensing events as afunction of compact object mass and distance (assuming a source distance of 8 kpc). Parameter space below a blackcurve indicates that the multiple lensed source images will be resolvable by that telescope.
 wavelength observations. Astrometric microlensing may even give access to less compact darkmatter substructures (Van Tilburg et al., 2018).
 In addition, high cadence, around the clock monitoring of microlensing events will be possible fromorganized teams of small- to medium-sized telescopes (e.g., MiNDSTEp1, RoboNet2, MicroFUN3,and PLANET4). These follow-up observations will be sensitive to distorsions with respect to thepoint-source, point-lens rectilinear approximation. It will be critical that these collaborationsreceive automated alerts when LSST detects probable microlensing, or generically non-standard,transient events. Such efforts are planned as part of the LSST Alert Stream (Ivezić et al., 2008).
 4.2.2 Strong Microlensing
 Strong microlensing is related to astrometric microlensing. The Einstein radius of a givenlens, which is approximately the separation of the multiple images in a compact object lensingscenario, scales as
 √Mlens. In the intermediate mass black hole range, the separation of the two
 images approaches that of the resolution of various optical ground and spaced-based telescopes(Figure 4.2.2). If the multiple images can be resolved and their flux ratio measured, precisemeasurements of the mass and distance of the lens are achievable.
 1http://www.mindstep-science.org/2https://robonet.lco.global/3http://www.astronomy.ohio-state.edu/ microfun/4http://planet.iap.fr/
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 4.2.3 Merging Galaxy Clusters and Cluster Subhalos
 Most dark matter constraints from merging galaxy clusters (Section 3.2.2) and cluster subhalos(Section 3.2.2) rely on accurately measuring the distribution of dark matter in (sub)clusters viagravitational lensing. Strong and weak gravitational lensing both benefit from high-resolutionimaging. For strong lensing, high-resolution imaging enables better detection and characterizationof strongly lensed background images in the dense cluster environment. Similarly high-resolutionimaging provides ∼ 4 times more lensed source galaxies per unit area than ground-based imagingat similar depths, which enable higher-resolution weak gravitational lensing. Historically, theHubble Space Telescope (HST) has provided this higher-resolution imaging, although space-basedtelescopes such as JWST, Euclid, and WFIRST may take on most of this burden in the era of LSST.
 4.2.4 Strong Gravitational Lensing
 All three approaches to use strong gravitational lens systems tomake inferences on the nature of darkmatter described in Section 3.1.3 utilize LSST as a lens-finding facility. Once the lenses are found,the darkmatter science requires follow-up observations with other facilities. The flux-ratio anomalyapproach requires imaging that spatially resolves the lensed images from each other at a wavelengthat whichmicrolensing does not affect the image fluxes. These observations can be in optical/near-IRwavelengths, utilizing IFU spectrographs behind the adaptive optics systems on ELTs to isolate theemission from the narrow-line regions of the lensed AGN, at mid-IR wavelengths with JWST, orat radio wavelengths for the subset of LSST lenses that are radio-loud. The gravitational imagingand power-spectrum approaches both require milliarcsecond-scale angular resolution imaging forbest results. These observations require either ELT adaptive optics imaging or VLBI radio imagingof the targets. ALMA can also be used in its most extended configuration, although this will notachieve as high a resolution as the ELTs and VLBI in most cases.
 4.3 Indirect Detection
 Esra Bulbul, Johann Cohen-Tanugi, Alessandro Cuoco, Alex Drlica-Wagner, Shunsaku Horiuchi,Manuel Meyer, Andrew B. Pace, Ethan O. Nadler, Eric Nuss, Gabrijela Zaharijas
 In regions of high dark matter density, dark matter particles could continue to annihilate or decaythrough the same process that set their relic abundance. Of specific interest are energetic photons(i.e., X-rays and γ-rays), since photons are generically produced by the annihilation/decay ofdark matter in many models (either directly or as secondary products following the production ofquarks or leptons). In addition, astrophysical phenomena in extreme environments could lead toconversion between Standard Model particles and the dark sector (e.g., ALPs), which could beobservable through the emission of energetic photons or via alterations in astrophysical spectra. By
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 precisely mapping the distribution of dark matter and tracking extreme events (e.g., CCSNe) LSSTwill enable more sensitive searches for energetic particles originating from the dark sector.
 Conventional indirect detection searches focus predominantly on WIMPs with masses betweenseveral GeV and tens of TeV. The annihilation or decay of these particles could produce energeticStandardModel particles detectable by current or future experiments. Themost sensitive and robustindirect searches for dark matter rely on a precise determination of the distribution of dark matterin the universe. The integrated flux of energetic Standard Model particles, φs (particles cm−2 s−1),expected from dark matter annihilation in a density distribution, ρ(r), is given by
 φs(∆Ω) =1
 4πΓ
 maχ
 ∫ Emax
 Emin
 dNdE
 dE︸ ︷︷ ︸particle physics
 ·∫∆Ω
 ∫l.o.s.
 ρa(r)dldΩ′︸ ︷︷ ︸astrophysics
 . (4.1)
 Here, the “particle physics” term is strictly dependent on the darkmatter particle physics properties—i.e., the particle mass, mχ, the interaction rate, Γ, and the differential particle yield per interaction,dN/dE , integrated over the experimental energy range. The second term, denoted “astrophysics,”represents the line-of-sight integral through the dark matter distribution integrated over a solidangle ∆Ω. For cases of dark matter annihilation, the interaction rate is set by the thermally averagedself-annihilation cross section, Γ = 〈σv〉/2, and the astrophysical integral is performed over thesquare of the dark matter density (a = 2). The resulting astrophysical term is referred to as the“J-factor” (e.g., Bergström et al., 1998). In cases of dark matter decay, the interaction rate isinversely proportional to the lifetime of the dark matter particle, Γ = 1/τ, and the integral isperformed over the dark matter density, a = 1. The resulting term is known as the “D-factor”(e.g. Geringer-Sameth et al., 2015a). Qualitatively, the astrophysics term encapsulates the spatialdistribution of the dark matter signal, while the particle physics term sets its spectral character.LSSTwill improve the sensitivity to dark matter particle physics by improving our understanding ofthe astrophysics term. While these improvements will influence a wide range of indirect detectionexperiments, in this section we focus predominantly on γ-ray measurements.
 4.3.1 Milky Way Satellite Galaxies
 Andrew B. Pace, Alex Drlica-Wagner, Ethan O. Nadler, Manuel Meyer
 Gamma-ray observations of Milky Way satellite galaxies currently provide the most robust andsensitive constraints on the darkmatter self-annihilation cross section forGeV- to TeV-mass particles(e.g. Ackermann et al., 2014; Geringer-Sameth et al., 2015b; Ackermann et al., 2015a; Hoof et al.,2018). The sensitivity of these searcheswill improve by combining newMilkyWay satellite galaxiesdiscovered by LSST, more precise J-factor measurements from novel spectroscopic observations,and additional Fermi-LAT data. We estimate each of these contributions to predict the improvedsensitivity of dark matter annihilation searches in dwarf galaxies in the era of LSST.
 LSST Dark Matter

Page 70
                        
                        

4.3 Indirect Detection 63
 100 101 102 103 104
 Dark Matter Mass (GeV)
 10−27
 10−26
 10−25
 10−24
 10−23
 Dar
 kM
 atte
 rA
 nn
 ihila
 tion
 Cro
 ssS
 ecti
 on(c
 m3
 s−1)
 LSST + LAT Dwarfs
 LAT DwarfsHESS GC
 CTA GCGCE
 χχ→ bb
 Figure 19. Constraints on dark matter annihilation to bb from Fermi-LAT observations of Milky Way satellite galaxies(LAT Dwarfs; Ackermann et al., 2015a) and HESS observations of the Galactic Center (HESS GC; Abdallah et al.,2016). A bracketing range of dark matter interpretations to the Fermi-LAT Galactic Center Excess is shown in red (GCE;Daylan et al., 2016; Gordon & Macías, 2013; Abazajian et al., 2014). Projected sensitivity to dark matter annihilationcombining LSST discoveries of new Milky Way satellites, improved spectroscopy of these galaxies, and continued Fermi-LAT observations is shown in gold. This projection assumes 18 years of Fermi-LAT data, a factor of 3 increase in theintegrated J-factor, and a factor of 2 improvement from improved spectroscopy. Projected sensitivity of 500h observationsof the GC with CTA are shown in gray (CTA GC; Zaharĳas et al., in prep.).
 To estimate the improvement in the integrated J-factor of theMilkyWay satellite galaxy population,we combine cosmological zoom-in simulations of MilkyWay dark matter substructure with a semi-analytic model to convert subhalo density profiles to J-factor estimates (this approach is is similar tothat of He et al. 2015). Our simulation-based model accounts for modulations to dark matter-onlysubhalo populations due to baryonic physics, and we marginalize over the dependence of subhalopopulations on host halo properties by sampling subhalo populations from a large number of hosts(Nadler et al., 2018a). To obtain an estimate for the increase in the integrated J-factor, we selecta host halo with the largest number of nearby subhalos, consistent with recent observations ofan overabundance of nearby satellites associated with the Milky Way (Kim et al., 2018; Grauset al., 2018). We exclude subhalos with heliocentric distances < 20 kpc to avoid anomalouslylarge projections due to a single nearby satellite. We follow the analytic formalism presented byEvans et al. (2016) and Pace & Strigari (2019) to convert the dark matter profiles of our simulatedsubhalos to J-factors. This approach estimates the J-factor of each subhalo based on rmax, Vmax,and heliocentric distance. We find that the cumulative J-factor within 100 kpc may increase by asmuch as a factor of 3 relative to the known dSphs with measured J-factors.
 Recent studies have suggested that an additional factor of 2 improvement in sensitivity may bepossible through better spectroscopic measurements of the stars in known satellite galaxies (Albertet al., 2017), and we include this factor in our projections. In addition, current constraints from the
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 Fermi-LAT Collaboration used 6 years of data (Ackermann et al., 2015a); however, the Fermi-LAThas collected more than 10 years of data and could continue to collect data for another 10+ years.These additional data will improve the statistical sensitivity of the γ-ray search most drasticallyfor large dark matter particle masses (> 500 GeV). We quantitatively evaluate the improvementfrom continued Fermi-LAT data taking using the results of Charles et al. (2016). We combinethe predicted improvements from new dwarfs, better determined J-factors, and more Fermi-LATdata into a projected sensitivity for future searches for dark matter annihilation in dwarf galaxies inFigure 19.
 4.3.2 Cross-Correlation with Gamma Rays
 Shunsaku Horiuchi, Alessandro Cuoco
 Wide-area weak-lensing measurements from LSST will help extract potential dark matter contri-butions to the isotropic gamma-ray background (IGRB; Ackermann et al., 2015b). The IGRB isdefined as the residual all-sky γ-ray emission after subtracting individually detected sources andthe Galactic diffuse emission, and provides the distance frontier of indirect dark matter searcheswith γ-rays. Contributions to the IGRB include unresolved sources that are individually too faintto be detected—e.g., blazars (Ajello et al., 2012, 2014), star-forming galaxies (Ackermann et al.,2012), and misaligned AGNs (Di Mauro et al., 2014)—as well as a potential contribution from darkmatter annihilation (Cholis et al., 2014; The Fermi LAT Collaboration, 2015; Ajello et al., 2015;Fornasa et al., 2016). Analyses of the IGRB intensity spectrum, auto-correlation angular powerspectrum, and photon count statistics show that a linear combination of astrophysical sources canexplain the observed IGRB, but the uncertainties are still large (e.g., Fornasa & Sánchez-Conde,2015).
 LSST will prove invaluable by mapping the distribution of matter on large scales via measurementsof galaxy clustering and of cosmic shear fromweak gravitational lensing. Since cosmological γ-rayemission from dark matter annihilation follows the same underlying dark matter distribution tracedby cosmic shear and galaxies, cross correlating them yields novel information on the compositionof the IGRB (Camera et al., 2013; Ando et al., 2014; Camera et al., 2015; Cuoco et al., 2015; Lisantiet al., 2018). Compared to the IGRB intensity or auto-correlation, the cross correlation will yieldmore than ∼ 10 times higher sensitivity to dark matter (Camera et al., 2015; Regis et al., 2015).Cross-correlations with galaxy catalogs have been derived in Xia et al. (2011, 2015); Cuoco et al.(2017) up to z ∼ 0.6, which is the largest redshift where current catalogs have enough sky-coverageand galaxy density to robustly detect the correlation. On the other hand, the IGRB is expected toextend up to z ∼ 2–3 (Fornasa & Sánchez-Conde, 2015). LSST, with its large sky-coverage andgalaxy density and broad redshift range, thus fills this gap to map the IGRB-LSS cross-correlationup to high redshift. A complete mapping of the IGRB up to z ∼ 3 will constitute a crucial tool torobustly separate the different astrophysical contributions, as well as to isolate the DM annihilationsignal, breaking the degeneracies which are present when only low-redshift results are used (Cuocoet al., 2015).
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 In contrast to galaxy catalogs, cosmic shear has the advantage of being an unbiased tracer of thedark matter distribution, which mitigates many of the systematics from using galaxies to tracedark matter—i.e., assumptions about the relationship between galaxy luminosity and halo mass,reliance on assumptions of hydrostatic equilibrium, and strong correlations with astrophysical γ-rayemission. At present, weak lensing surveys of several hundred square degrees allow studies of theIGRB to probe slightly above the thermal annihilation cross section (Shirasaki et al., 2014, 2016;Tröster et al., 2017). A simple forecast for LSST can be made by scaling the covariance matrixof the correlation estimator by the sky coverage. This shows that a combination of LSST lensingmaps and all-sky Fermi-LAT data will reach a sensitivity where it is possible to detect at 3σWIMPannihilation to bb at the thermal cross cross section for dark matter particle masses up to 100 GeV(Shirasaki et al., 2014).
 From the γ-ray side, improvements in themapping of the cross-correlationwith galaxies and cosmicshear are expected with the next generation of γ-ray instruments: AMEGO5 and eASTROGAM6
 (de Angelis et al., 2018). At the present, the main limitation in detecting the cross-correlationat GeV and sub-GeV energies is instrumental angular resolution. eASTROGAM will have anangular resolution 5–6 times better than the Fermi-LAT in the energy range from 100 MeV to1 GeV (de Angelis et al., 2018). This will translate in harmonic space into a multipole reach5-6 times larger than presently achievable, leading to stronger constraints from cross correlations.Precise measurements of the cross-correlation at sub-GeV energies will further improve the abilityto separate the astrophysical IGRB sources from the DM signal, increasing the sensitivity to thelatter.
 4.3.3 Axion-like Particles from Supernovae
 Manuel Meyer
 Axion-like particles (ALPs) might be produced during CCSNe explosions through the conversionof thermal photons in the electro-static fields of protons and ions, i.e., through the Primakoffeffect (Raffelt, 1996). Similar to neutrinos, ALPs would quickly escape the core and, if they aresufficiently light (mφ . 10−9 eV), they could convert into γ-rays in the magnetic field of the MilkyWay and/or the host galaxy of the CCSN. The resulting γ-rays would arrive in temporal coincidencewith the neutrinos in a burst lasting tens of seconds with a thermal spectrum peaking at 60MeV,depending on the mass of the progenitor (Payez et al., 2015). The non-observation of a γ-rayburst from SN1987A, which occurred in the LMC, has been used to derive stringent constraintson the photon-ALP coupling gφγ < 5.3 × 10−12 GeV−1 for mφ < 4.4 × 10−10 eV (Brockway et al.,1996; Grifols et al., 1996; Payez et al., 2015). In the case of a CCSN within the Milky Way, theFermi LAT could improve these limits by more than an order of magnitude (Meyer et al., 2017).However, with a Galactic supernova rate of ∼ 3 per century (e.g., Adams et al., 2013), and theLAT field of view of 20% of the sky, the chance to observe at least one such event in the next
 5https://asd.gsfc.nasa.gov/amego/index.html6http://eastrogam.iaps.inaf.it/
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 five years is ∼ 0.03 × 0.2 × 5 = 0.03 (assuming that the occurrence of SNe is a Poisson process).This estimate is still optimistic since the supernova rate is calculated for the entire Galaxy, whichis not inside the field of view at any given moment.7 Increasing the search volume to extragalacticSNe is the obvious way to overcome this low rate. However, for CCSNe beyond the LMC andSMC, current-generation neutrino detectors lack the sensitivity to detect a signal (e.g., Kistler et al.,2011), and hence no precise time stamp will be provided for ALP-induced γ-ray emission; however,well-sampled optical light curves can be used to estimate the explosion time on the time scale ofhours (Cowen et al., 2010). LSST will detect a plethora of CCSNe light curves (Lien & Fields,2009). Estimates for the delay between the core collapse and the shock breakout range fromminutesfor massive Wolf-Rayet stars (type Ib/c) to days for red supergiants (type II) (Kistler et al., 2013).Thus, SN type Ib/c caught early after their shock breakout and with subsequently well-sampledlight curves are a prime target for the search of an ALP-induced γ-ray burst.
 Since the γ-ray flux scales as g4φγ/d2, where d is the luminosity distance, the sensitivity for gφγ
 scales as√
 d. Limits of the order of gφγ . 2×10−12 GeV−1 should be possible for a single supernovain M31 (d = 778 kpc) (Meyer et al., 2017). If one allows these limits to degrade by a factor of10, constraints better than those from CAST should still be possible for d . 80 Mpc (z . 0.02)for a single SN assuming that the time of the core collapse is precisely known. LSST is expectedto detect tens of type Ib/c CCSNe each year with redshifts z . 0.02 (Goldstein et al., 2018) andcould conduct such searches in conjunction with the Fermi satellite or future γ-ray satellites likeAMEGO, eASTROGAM, or Gamma-400 (e.g., Caputo et al., 2017; Cumani et al., 2015) A stackinganalysis of the γ-ray data with explosions times estimated from LSST light curves provides theexciting possibility to probe photon-ALP couplings in the regime where ALPs make up the entiretyof the dark matter.
 4.4 Direct Detection
 Kimberly K. Boddy, Alex Drlica-Wagner, Cora Dvorkin, Vera Gluscevic, Ethan O. Nadler, LinaNecib, Justin I. Read
 Direct detection experiments seek to directly detect interactions between particles in the Galacticdarkmatter halo and an experimental apparatus. In the case ofWIMPdarkmatter, these experimentsare sensitive to the scattering between dark matter particles and atomic nuclei (e.g., MarrodánUndagoitia & Rauch, 2016). Interpreting the results of direct detection experiments in the contextof dark matter necessarily relies on astrophysical measurements of the distribution of dark matter.In addition, limitations from the energy thresholds and shielding of direct detection experiments canlimit the ranges of dark matter particle masses and cross sections that can be probed. In this section,we describe how LSST will complement direct detection experiments by improving measurementsof the local phase-space density of dark matter, and how cosmological measurements with LSST
 7If the supernova is sufficiently nearby or the photon-ALP coupling is close to current limits, a signal could be detected with the BGO detectors(senisitive up to 40MeV) of the Fermi Gamma-ray Burst Monitor, which observes the entire unocculted sky.
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 can help probe dark matter masses and cross sections outside the range accessible to direct detectionexperiments.
 4.4.1 Local Dark Matter Distribution
 Justin I. Read, Lina Necib
 The signal strength of dark matter scattering in direct detection experiments depends on the localdark matter density and its velocity distribution. For spin-independent scattering of dark matterparticles off atomic nuclei, the recoil rate (per unit mass, nuclear recoil energy E , and time) in suchexperiments is given by (e.g., Lewin & Smith, 1996):
 dRdE=ρχσχ |F(E)|2
 2mχµ2
 ∫ vmax
 v>√
 mN E/2µ2
 f (v, t)v
 d3v (4.2)
 where σχ and mχ are the interaction cross section and mass of the dark matter particle, |F(E)|is a nuclear form factor that depends on the choice of detector material, mN is the mass of thetarget nucleus, µ is the reduced mass of the dark matter-nucleus system, v = |v| is the speed ofthe dark matter particles, f (v, t) is the velocity distribution function of the dark matter particles,vmax = 533+54
 −41 km s−1 (at 90% confidence) is the Galactic escape speed (Piffl et al., 2014); and ρχis the dark matter density within the detector.
 From equation 4.2, we can see that ρχ is trivially degenerate with the properties of the dark matterparticle, σχ/mχ. For this reason, significant effort has gone into estimating the amount of darkmatter within a few hundred parsecs of the Sun, ρχ, from which we can extrapolate ρχ (see Read,2014, for a review). The latest values favor ρχ ∼ 0.5 GeV cm−3, with an uncertainty of order20 − 30% (e.g., Bienaymé et al., 2014; Sivertsson et al., 2018). With the advent of unprecedenteddata from the Gaia satellite, the systematic and random errors on ρχ will continue to fall (Read,2014). However, equally important in equation 4.2 is the velocity distribution function of darkmatter, f (v, t), which is much more challenging to measure.8
 The shape of f (v) has been constrained primarily by numerical simulations of structure formationin the standard cosmological model (e.g., Vogelsberger et al., 2009; Mao et al., 2013). Suchsimulations include treatments to model the effects of unresolved substructure and debris, and theimpact of dark matter particles scattering within the solar system (e.g., Peter, 2009). However, sucheffects can only be treated statistically and might not apply to the real f (v) in our Galaxy.
 With the advent of LSST, we will be able to empirically probe f (v) with unprecedented precision.The key idea is to use the oldest and most metal poor stars, which were accreted onto the MilkyWay as it formed, as luminous tracers of the underlying dark matter halo (Lisanti & Spergel, 2012;Kuhlen et al., 2012; Tissera & Scannapieco, 2014; Lisanti et al., 2015; Herzog-Arbeitman et al.,
 8The time dependence of f (v, t) owes primarily to the motion of the Earth around the Sun and is, therefore, straightforward to calculate (e.g.,Drukier et al., 1986).
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 Figure 20. Constraints on dark matter-baryon scattering through a velocity-independent, spin-independent contactinteraction with protons. Existing constraints (shown in blue) include measurements of the CMB power spectrum (CMB;Gluscevic & Boddy, 2018) and constraints from the X-ray Quantum Calorimeter experiment (XQC; Erickcek et al., 2007).Direct detection constraints include results from CRESST-III (CRESST collaboration et al., 2017), the CRESST 2017surface run (Angloher et al., 2017), and XENON1T (Aprile et al., 2017), as interpreted by Emken & Kouvaris (2018).Additional constraints that include the effects of cosmic-ray heating of dark matter are shown in gray (Bringmann &Pospelov, 2018). The projected sensitivity of LSST to dark matter-baryon scattering through observations of Milky Waysatellite dwarf galaxies is shown in gold.
 2018; Necib et al., 2018b). Such accreted stars also trace the presence of a ‘dark disk’ formed fromthe late accretion of massive and more metal rich satellites (Lake, 1989; Read et al., 2008, 2009;Ruchti et al., 2014, 2015), and structures that are not yet fully phase mixed like ‘debris flows’ (e.g.,Lisanti & Spergel, 2012; Belokurov et al., 2018; Helmi et al., 2018; Necib et al., 2018a) and tidalstreams (e.g., Freese et al., 2005; O’Hare et al., 2018). All of these structures imprint features onf (v) that alter the expected flux at a given recoil energy in dark matter detection experiments, andthe expected annual modulation signal (e.g., Freese et al., 2005; Bruch et al., 2009; Evans et al.,2018).
 The wide sky coverage and depth of LSST will allow us to select metal poor halo star candidates instatistically significant quantities (e.g., Starkenburg et al., 2017), with proper motion data availablefor the brighter stars. Combined with follow-up spectroscopy, this will provide a direct probe ofthe velocity distribution of the Milky Way’s smooth phase-mixed component (Herzog-Arbeitmanet al., 2018). In addition, LSST will find a slew of new structures and streams, allowing us to probealso the non-phased mixed component (Freese et al., 2005; Evans et al., 2018). Finally, combiningLSST with spectroscopic surveys of the disk will allow us to place ever tighter constraints on thepossible presence of a dark disk (Ruchti et al., 2015).
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 4.4.2 Cosmic Baryon Scattering
 Vera Gluscevic, Kimberly K. Boddy, Ethan O. Nadler, Alex Drlica-Wagner, Cora Dvorkin
 The most sensitive direct searches for dark matter seek to detect the scattering of dark matterparticles from the local Galactic halo in underground detectors (e.g., Marrodán Undagoitia &Rauch, 2016). They have unprecedented sensitivity to WIMPs with masses above a GeV, butare limited by kinematics when searching for lighter particles. New experimental techniques arebeing explored to directly search for sub-GeV models of dark matter (Battaglieri et al., 2017).However, due to atmospheric and terrestrial shielding, most direct dark matter experiments arelargely insensitive to dark matter particles with large scattering cross sections. Current null resultsfrom conventional direct detection experiments motivate broad searches in regions of parameterspace that are largely inaccessible to underground experiments.
 Cosmological and astrophysical observables are sensitive to the scattering of sub-GeV particleswith baryons at any point in cosmic history. These observations can constrain the interaction crosssection to arbitrarily high values and are not subject to uncertainties in the local astrophysicalproperties of dark matter particles (e.g., Mao et al., 2013; Read, 2014). If dark matter particlesscatter with baryons, they will transfer momentum between the two cosmological fluids, affectingdensity fluctuations and suppressing power at small scales. This power suppression can be capturedby a variety of observables including measurements of the CMB (Dvorkin et al., 2014; Gluscevic& Boddy, 2018) and the Lyman-α forest (Xu et al., 2018). Assuming a velocity-independent,spin-independent contact interaction, cosmological constraints can be directly compared againstthose from direct detection experiments (e.g., Boddy & Gluscevic, 2018). In Figure 20, wecompare existing constraints on dark matter-baryon scattering from analyses of the CMB anddirect-detection searches.9 To estimate the future sensitivity of LSST, we map the projected WDMconstraints presented in Section 3.1.1 to dark matter-baryon scattering constraints by matching thecharacteristic cutoff scale in the matter power spectrum probed by the lowest-mass subhalos LSSTcan detect via observations of Milky Way satellite galaxies. LSST will deliver measurements ofobservables that trace matter fluctuations on even smaller scales (e.g., stellar stream gaps), whichwill potentially extend the sensitivity of these astrophysical and cosmological searches even fartherbeyond the reach of Planck.
 9We caution the reader that this figure does not include a comprehensive list of current constraints, but rather serves to illustrate thecomplementarity of cosmological and direct detection probes.
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 Discovery PotentialKeith Bechtol, Francis-Yan Cyr-Racine, William A. Dawson, Alex Drlica-Wagner, Cora Dvorkin,Vera Gluscevic, Manoj Kaplinghat, Casey Lam, Jessica Lu, Michael Medford, Ethan O. Nadler, J.Anthony Tyson
 Cosmology has a long history of testing particle models of dark matter. For instance, neutrinoswere long considered a viable dark matter candidate (e.g., Kolb & Turner, 1988), before precisecosmological measurements made it clear that the universe contains multiple invisible components.The 30 eV neutrino dark matter candidate is an especially interesting case study of the interplaybetween particle physics experiments and astrophysical observations. Lubimov et al. (1980)reported the discovery of a non-zero neutrino rest mass in the range 14 eV < mν < 46 eV which wassubsequently tested by several other tritium β-decay experiments over the next decade. Neutrinoswith this mass would provide a significant fraction of the critical energy density needed to closethe universe, but would be relativistic at the time of decoupling (i.e., hot dark matter). Duringthe same period, the first stellar velocity dispersion results for dwarf spheroidal galaxies showedthat these galaxies are highly dark matter dominated. The inferred dark matter density withinthe central regions of the dwarfs was used to place lower limits on the neutrino rest mass thatwere incompatible with the 30 eV neutrino dark matter candidate (Aaronson, 1983; Gerhard &Spergel, 1992). Similar stories can be told of heavy leptons (e.g., Gunn et al., 1978), and other darkmatter candidates, which have been excluded by cosmological and astrophysical measurements.Cosmology has continually shown that it is impossible to separate the macroscopic distribution ofdark matter from the microscopic physics governing dark matter.
 Through much of this work, we have expressed sensitivity to dark matter microphysics in terms ofupper limits in the case of non-detection of deviations from the baseline CDM paradigm. In thissection, we consider two potential astrophysical discovery scenarios for non-minimal dark matterproperties that could be realized in the LSST era. In each scenario, a critical question is whetherthe systematic uncertainties associated with conventional astrophysical processes can be controlledat a level that would be sufficiently compelling to guide non-gravitational dark matter searches withcollider, direct, and indirect detection experiments.
 5.1 Compact Object Discovery
 William A. Dawson, Alex Drlica-Wagner, Casey Lam, Jessica Lu, Michael Medford
 While current constraints make it unlikely that all of dark matter is composed of compact objectswith a monochromatic mass function and a uniform spatial distribution, it is nearly certain that
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 Figure 21. The expected number of 2θE microlensing events in a 10 × 10 deg2 bulge field (blue histogram), with thefraction due to black holes resulting from stellar evolution shown by the red histogram ( for these events our detectionefficiency is ∼ 0.1% at low-tE and ∼ 1% at high-tE). Other colored histograms show the event rate assuming differentfractions of dark matter composed of LIGO-mass black holes (an order of magnitude more massive than the stellar remnantpopulation). The gray vertical dashed lines show the published sensitivity ranges of the MOA and OGLE microlensingsurveys (insensitive to the high-mass/long-tE tail). The shaded green region shows the sensitivity range for LSST. Itincludes the peak of the distribution (yellow dot), and enables us to accurately calibrate the slope (yellow dot-dashedline), which is necessary to provide accurate constraints on intermediate mass black holes.
 LSST will measure the mass spectrum of Galactic black holes (Figure 21). In this regime, it willbe necessary to test whether the observed black hole population statistics can be explained throughstellar evolution, or if a novel black hole production mechanism is required (i.e., PBHs). Thediscovery of an excess component to the black hole population will necessarily require a fit of theunderlying population of stellar remnants and the associated astrophysical systematics. However,an excess of high-mass black holes (M & 30M) or the discovery of black hole clusters (e.g.,Clesse & García-Bellido, 2017) could provide a smoking gun for PBH detection. If such a PBHpopulation is discovered, it will be possible to measure not only the fraction of dark matter incompact objects, but the compact object mass spectrum, which will in turn set constraints on thespectrum of perturbations during and after inflation (e.g., García-Bellido & Ruiz Morales, 2017).Knowing that some fraction of the dark matter exists as PBHs will force a re-interpretation ofparticle physics limits from direct and indirect searches. Preferred regions of WIMP parameterspace that are excluded under the assumption that WIMPs comprise all the dark matter will bereopened. Somewhat counter-intuitively, the outlook for the WIMP may be stronger in a universewhere PBHs make up some fraction of the dark matter density.
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 5.2 WDM/SIDM Discovery
 Francis-Yan Cyr-Racine, Ethan O. Nadler, Keith Bechtol, Vera Gluscevic, Alex Drlica-Wagner,Manoj Kaplinghat
 We now turn to the scenario in which dark matter possesses a particle mass or self-interactioncross section that would partially account for observed small-scale structure anomalies. There arecurrently several hints of non-minimal dark matter particle properties arising from comparisonsbetween theoretical predictions and observed galaxy populations at the dwarf galaxy scale, i.e.,distances below 1 Mpc and mass scales below 1011M (reviewed by Buckley & Peter, 2018;Bullock & Boylan-Kolchin, 2017). However, the interpretation of these discrepancies in termsof dark matter microphysics has been hindered by uncertainties in the mapping between visiblestellar populations and dark matter halos, which involves both the physics of galaxy formation aswell as the connection between observable and intrinsic galaxy properties (see Section 3.1.1 andSection 3.2.1). In a regime where systematic uncertainties are already important, it is reasonableto ask how the increased statistical power of LSST will help to resolve our current small-scalestructure quandary.
 We argue here that the decisive advantage of LSST is the opportunity to combine an ensembleof astrophysical dark matter probes that offer complementary perspectives on dark matter haloabundances and profile shapes, andwhich are affected by different sources of systematic uncertainty.For the purpose of illustration, we outline a possible “roadmap to discovery” for a darkmatter modelthat produces a cutoff in the matter power spectrum and a suppression of the central dark matterprofile just below the current sensitivity limit—i.e., Mhm = 108.5M. As a concrete example,we assume that these astrophysical features result from a dark matter particle model with a self-interaction cross section of σSIDM/mχ = 2 cm2 g−1 and a thermal particle mass of mWDM = 6 keV.
 The first indication of a discrepancy with CDMmight come shortly after the first public data releaseof LSST survey data when automated searches forMilkyWay satellites reveal only a handful of newcandidate ultra-faint galaxies. Using the framework described in Section 3.1.1, these observationscould be combined to derive bounds on the WDM mass and the minimum halo mass for galaxyformation, Mmin. These constraints would deviate significantly from expectations derived fromCDM and the observational sensitivity of LSST, thereby hinting at a preference for new physics.
 The combined depth and sky coverage of LSST will also enable the study of dwarf galaxy satellitepopulations around other hosts out to several Mpc, as well as the “field” population of isolateddwarf galaxies. By detecting a statistical sample of low-luminosity galaxies in a wide varietyof environments, LSST will provide a wealth of input data to theoreticians developing galaxyformation simulations. In our hypothetical scenario, numerical simulations will show that it ischallenging to solve the dearth of observed satellite galaxies by tuning baryonic physics models(e.g., reionization physics, supernova feedback, galaxy formation threshold).
 The same LSST data set is expected to reveal many new stellar streams and gravitational lenssystems, which would provide access to dark matter halos below the mass threshold of galaxy
 LSST Dark Matter
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 Figure 22. Example of a measurement of particle properties for a dark matter model with a self-interaction crosssection and matter power spectrum cut-off just beyond current constraints (σSIDM/mχ = 2 cm2 g−1 and mWDM = 6 keV,indicated by the red star). Contours are created by following a procedure similar to Nadler et al. (2018a), but augmentedwith the model outlined in Section 3.1.4 to capture the effect of a power spectrum cut-off and a nonzero self-interactioncross section on the central densities of LSST-discovered Milky Way satellites with spectroscopic follow-up. We takeMV = 0 mag and µ = 32 mag/arcsec2 as our detection threshold for LSST. We assume a prior on the WDM mass∝ 1/mWDM, and a prior on the Milky Way mass from Callingham et al. (2018). This figure should be interpreted as asuggestive illustration of the dark matter science that will be enabled by LSST, rather than a precise forecast.
 formation (Section 3.1.2 and Section 3.1.3). The search for stream gaps and lensing anomalieswould be particularly well motivated since these systems would probe a halo mass regime wherethe discrepancy with CDM would be even more severe. In addition, these halos are largely devoidof baryons and would be subject to different astrophysical and observational systematics. We couldexpect a period of several years necessary to collect and analyze follow-up observations (bothspectroscopy and high-resolution imaging) of the most favorable stream and lens systems. Theabsence of lower-mass dark matter halos would greatly increase the tension between observationsand the predictions of CDM. In addition, it will be difficult to explain a dearth of dwarf galaxies andlower-mass halos with the same astrophysical systematics, strengthening the case for a fundamentalphysics explanation.
 In parallel, spectroscopic follow-up of LSST-discovered Milky Way satellites with other telescopes(Section 4.1.1) will probe their inner density profiles and provide further information about a pos-sible matter power spectrum cutoff or dark matter self-interaction. These dynamical measurementsmight reveal an unexpected diversity in central densities measurements that might be difficultto explain within the CDM framework. In particular, the discovery of exceptionally dense orexceptionally diffuse ultra-faint satellites with properties that correlate with their orbital parameterscould provide a measurement of the SIDM cross section at low velocities (Nishikawa et al., 2019).Furthermore, density profile measurements of larger dwarf galaxies outside the Milky Way using
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 weak lensing data from LSST (Section 3.2.1) could probe the SIDM cross section in a differentvelocity regime. Similarly, the (non-)observation of deviations in halo profiles of galaxy clusterswill be able to inform the velocity dependence of the SIDM cross section.
 While much work is still needed to combine all these different probes of dark matter properties(see next section), it is informative to consider what a discovery of our fiducial non-CDM model(σSIDM/mχ = 2 cm2 g−1, mWDM = 6 keV) might look like quantitatively with LSST-discoveredMilkyWay satellite systems. To do so, we use the galaxy-halo connection model outlined in Nadleret al. (2018a) to generate mock LSST observations of faint satellites, and use a similar procedureto that described in Section 3.1.4 to capture the impact of self-interaction and a mass functioncut-off on the central densities of these objects. We construct a binned likelihood in the spaceof stellar dispersion and luminosity and jointly fit for σSIDM/mχ and mWDM, marginalizing overseveral galaxy-halo connection and Milky Way host halo nuisance parameters. Using a LSSTdetection threshold for Milky Way satellites of MV = 0 mag and µ = 32 mag/arcsec2, we obtainthe simultaneous measurement of the SIDM cross section and WDM particle mass presented inFigure 22. Here, the sensitivity to mWDM stems primarily from the lower number of faint satellitesthat the mock LSST observations contain compared the the CDM prediction, while the SIDMcross section sensitivity is driven by the diversity of central densities in the mock observations forσSIDM/mχ = 2 cm2 g−1. Degeneracy with the halo mass threshold for galaxy formation causesthe long tail towards large dark matter mass. Importantly, such degeneracy could be broken bycombining these satellite measurements with a probe that is independent of subhalo luminosity suchas stellar stream gaps or strong lensing, ultimately resulting in closed contours at high statisticalsignificance. This would signify the start of an era of precision measurement of dark matter particleproperties using astrophysical observations.
 Roadmap to measurement
 The hypothetical discovery scenario described above would transform the field of astrophysicaldark matter research from one of constraint to one of measurement. In the measurement paradigm,complementary dark matter probes would be combined to break degeneracies in dark matter modelsand to constrain astrophysical systematics. Such analyseswould necessitate a probabilistic inferenceframework to self-consistently analyze multiple measurements probing the same underlying dark-matter physics. Such a likelihood-based framework is commonplace for modern cosmologicalparameter estimation with data from the CMB and current galaxy surveys, and is already underdevelopment for dark energy studies with LSST (LSST DESC, in prep.)1. The extension of such aframework to the strongly non-linear regime of dark matter physics in small-scale structures willnecessarily rely upon the development of physically accurate and numerically efficient proceduresto simulate or emulate the observable effects resulting from varying fundamental properties ofdark matter. Such investigations have already begun through rigorous cosmological simulation ofstructure formation in WDM, SIDM, and FDM scenarios (e.g., Lovell et al., 2014; Dooley et al.,2016; Robles et al., 2019; Fitts et al., 2018); however, to incorporate these results in a likelihoodfit, it will be necessary to evolve effective theories of structure formation (e.g., Cyr-Racine et al.,
 1https://github.com/LSSTDESC/CCL
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 2016) or quick emulation techniques. From the data analysis side, recent studies of Milky Waysatellite galaxies (e.g., Jethwa et al., 2018; Nadler et al., 2018a) have begun to pave the way towardprobabilistic analyses of small-scale structure, with the aim of robustly probing both galaxy physicsand fundamental physics. As these and other analyses continue to advance, it will become possibleto combine likelihood functions and parameter chains from multiple different observables into aself-consistent likelihood framework. This likelihood space can then be scanned to produce jointconstraints on dark matter properties.
 The self-consistent inclusion of all available information in a joint-likelihood framework will boostthe statistical significance of a combined measurement, robustly include astrophysical systematics,and break degeneracies between astrophysics and dark matter models. The development of fasttechniques to predict changes in astrophysical observables from changes to fundamental dark matterproperties will allow the production of an end-to-end forward modeling framework for statisticalinference. The ability to simultaneously fit all astrophysical observables with the same non-minimaldark matter model, while rigorously marginalizing over relevant astrophysical systematics, willproduce a compelling argument for the discovery of new dark matter physics. The same statisticalparameter estimation framework will quantify model degeneracies and enable rigorous statementsabout dark matter particle properties. These results will critically guide the experimental particlephysics program in a post-discovery era.
 5.3 Outlook
 Alex Drlica-Wagner, Keith Bechtol, Vera Gluscevic, J. Anthony Tyson
 More than 80 years after its astrophysical discovery, the fundamental nature of dark matter remainsone of the foremost open questions in physics. Over the last several decades, an extensiveexperimental program has sought to determine the cosmological origin, fundamental constituents,and interaction mechanisms of dark matter. While the existing experimental program has largelyfocused on weakly-interacting massive particles, there is strong theoretical motivation to explorea broader set of dark matter candidates. LSST provides a unique, powerful, and complementaryplatform to study the fundamental physics of dark matter.
 LSST will detect and study the smallest dark matter halos, thereby probing the minimum massof ultra-light dark matter and thermal warm dark matter. Precise measurements of the densityand shapes of dark matter halos will probe dark matter self-interactions, thereby accessing hiddensector and dark photon models. Microlensing measurement have the potential to detect primordialblack holes and to probe the physics of inflation at ultra-high energy scales. Anomalous energy lossfrom axion-like particles could reveal itself through precise measurements of stellar populations.In addition, LSST can uniquely test for correlations between dark matter and dark energy.
 Finally, and perhaps most critically, the multi-faceted LSST data will allow novel probes of darkmatter physics that have yet to be considered. These new ideas are especially important as theabsence of evidence for the most popular dark matter candidates continues to grow. As the
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 particle physics community seeks to diversify the experimental effort to search for dark matter, it isimportant to remember that astrophysical observations provide robust, empirical measurement offundamental dark matter properties. In the coming decade, astrophysical observations will guideother experimental efforts, while simultaneously probing unique regions of dark matter parameterspace.
 LSST Dark Matter
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