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Power spectrum at z = 1090 
extrapolated to z = 0 
assuming linear growth 
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usually  is used for small 
(linear) perturbations 
( ) and  for large 
(nonlinear) overdensities 
(like  for a dark 
matter halo).
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Cosmology in the 1990s was like an accident report in the Boston Driver’s Handbook: 
“The guy was all over the road. I had to swerve several times before I hit him.”

The power spectrum of SCDM missed badly:

too much power on small scales;

too little power on large scales.

⌦m = 1
<latexit sha1_base64="CxaUCHXrWFfA2snv4UG+llxBZfw=">AAAB6XicbVDLSgMxFL3js9ZX1aWbYBFclYkIulAouHFnBfuATimZ9E4bmswMSUYopR/hRsSNgj/jL/g3pu1s2nogcDjnhHvPDVMpjPX9X29tfWNza7uwU9zd2z84LB0dN0ySaY51nshEt0JmUIoY61ZYia1UI1OhxGY4vJ/6zRfURiTxsx2l2FGsH4tIcGadFASPCvusq8gdod1S2a/4M5BVQnNShhy1bukn6CU8UxhbLpkxbeqntjNm2goucVIMMoMp40PWx/Fs0wk5d1KPRIl2L7Zkpi7kmDJmpEKXVMwOzLI3Ff/z2pmNbjpjEaeZxZjPB0WZJDYh09qkJzRyK0eOMK6F25DwAdOMW3ecoqtOl4uuksZlhfoV+nRVrt7mRyjAKZzBBVC4hio8QA3qwCGFN/iEL2/ovXrv3sc8uublf05gAd73H14ojFY=</latexit><latexit sha1_base64="CxaUCHXrWFfA2snv4UG+llxBZfw=">AAAB6XicbVDLSgMxFL3js9ZX1aWbYBFclYkIulAouHFnBfuATimZ9E4bmswMSUYopR/hRsSNgj/jL/g3pu1s2nogcDjnhHvPDVMpjPX9X29tfWNza7uwU9zd2z84LB0dN0ySaY51nshEt0JmUIoY61ZYia1UI1OhxGY4vJ/6zRfURiTxsx2l2FGsH4tIcGadFASPCvusq8gdod1S2a/4M5BVQnNShhy1bukn6CU8UxhbLpkxbeqntjNm2goucVIMMoMp40PWx/Fs0wk5d1KPRIl2L7Zkpi7kmDJmpEKXVMwOzLI3Ff/z2pmNbjpjEaeZxZjPB0WZJDYh09qkJzRyK0eOMK6F25DwAdOMW3ecoqtOl4uuksZlhfoV+nRVrt7mRyjAKZzBBVC4hio8QA3qwCGFN/iEL2/ovXrv3sc8uublf05gAd73H14ojFY=</latexit><latexit sha1_base64="CxaUCHXrWFfA2snv4UG+llxBZfw=">AAAB6XicbVDLSgMxFL3js9ZX1aWbYBFclYkIulAouHFnBfuATimZ9E4bmswMSUYopR/hRsSNgj/jL/g3pu1s2nogcDjnhHvPDVMpjPX9X29tfWNza7uwU9zd2z84LB0dN0ySaY51nshEt0JmUIoY61ZYia1UI1OhxGY4vJ/6zRfURiTxsx2l2FGsH4tIcGadFASPCvusq8gdod1S2a/4M5BVQnNShhy1bukn6CU8UxhbLpkxbeqntjNm2goucVIMMoMp40PWx/Fs0wk5d1KPRIl2L7Zkpi7kmDJmpEKXVMwOzLI3Ff/z2pmNbjpjEaeZxZjPB0WZJDYh09qkJzRyK0eOMK6F25DwAdOMW3ecoqtOl4uuksZlhfoV+nRVrt7mRyjAKZzBBVC4hio8QA3qwCGFN/iEL2/ovXrv3sc8uublf05gAd73H14ojFY=</latexit><latexit sha1_base64="CxaUCHXrWFfA2snv4UG+llxBZfw=">AAAB6XicbVDLSgMxFL3js9ZX1aWbYBFclYkIulAouHFnBfuATimZ9E4bmswMSUYopR/hRsSNgj/jL/g3pu1s2nogcDjnhHvPDVMpjPX9X29tfWNza7uwU9zd2z84LB0dN0ySaY51nshEt0JmUIoY61ZYia1UI1OhxGY4vJ/6zRfURiTxsx2l2FGsH4tIcGadFASPCvusq8gdod1S2a/4M5BVQnNShhy1bukn6CU8UxhbLpkxbeqntjNm2goucVIMMoMp40PWx/Fs0wk5d1KPRIl2L7Zkpi7kmDJmpEKXVMwOzLI3Ff/z2pmNbjpjEaeZxZjPB0WZJDYh09qkJzRyK0eOMK6F25DwAdOMW3ecoqtOl4uuksZlhfoV+nRVrt7mRyjAKZzBBVC4hio8QA3qwCGFN/iEL2/ovXrv3sc8uublf05gAd73H14ojFY=</latexit>

H0 = 50
<latexit sha1_base64="xfu4Xwg5gKWax2HbXdP4UC342J0=">AAAB5XicbVDLSkMxFDypr1pfVZdugkVwVXJF0YVCwU2XFewD2lJy09w2NPdBcq5QSj/BjYgbBX/HX/BvTNu7aetAYJiZcM4cP9HKImO/JLexubW9k98t7O0fHB4Vj08aNk6NkHUR69i0fG6lVpGso0ItW4mRPPS1bPqjx5nffJHGqjh6xnEiuyEfRCpQgqOTWtUeow/0hvWKJVZmc9B14mWkBBlqveJPpx+LNJQRCs2tbXsswe6EG1RCy2mhk1qZcDHiAzmZbzmlF07q0yA27kVI5+pSjofWjkPfJUOOQ7vqzcT/vHaKwV13oqIkRRmJxaAg1RRjOqtM+8pIgXrsCBdGuQ2pGHLDBbrDFFx1b7XoOmlclT1W9p6uS5X77Ah5OINzuAQPbqECVahBHQRoeINP+CID8kreyccimiPZn1NYAvn+A7yLiig=</latexit><latexit sha1_base64="xfu4Xwg5gKWax2HbXdP4UC342J0=">AAAB5XicbVDLSkMxFDypr1pfVZdugkVwVXJF0YVCwU2XFewD2lJy09w2NPdBcq5QSj/BjYgbBX/HX/BvTNu7aetAYJiZcM4cP9HKImO/JLexubW9k98t7O0fHB4Vj08aNk6NkHUR69i0fG6lVpGso0ItW4mRPPS1bPqjx5nffJHGqjh6xnEiuyEfRCpQgqOTWtUeow/0hvWKJVZmc9B14mWkBBlqveJPpx+LNJQRCs2tbXsswe6EG1RCy2mhk1qZcDHiAzmZbzmlF07q0yA27kVI5+pSjofWjkPfJUOOQ7vqzcT/vHaKwV13oqIkRRmJxaAg1RRjOqtM+8pIgXrsCBdGuQ2pGHLDBbrDFFx1b7XoOmlclT1W9p6uS5X77Ah5OINzuAQPbqECVahBHQRoeINP+CID8kreyccimiPZn1NYAvn+A7yLiig=</latexit><latexit sha1_base64="xfu4Xwg5gKWax2HbXdP4UC342J0=">AAAB5XicbVDLSkMxFDypr1pfVZdugkVwVXJF0YVCwU2XFewD2lJy09w2NPdBcq5QSj/BjYgbBX/HX/BvTNu7aetAYJiZcM4cP9HKImO/JLexubW9k98t7O0fHB4Vj08aNk6NkHUR69i0fG6lVpGso0ItW4mRPPS1bPqjx5nffJHGqjh6xnEiuyEfRCpQgqOTWtUeow/0hvWKJVZmc9B14mWkBBlqveJPpx+LNJQRCs2tbXsswe6EG1RCy2mhk1qZcDHiAzmZbzmlF07q0yA27kVI5+pSjofWjkPfJUOOQ7vqzcT/vHaKwV13oqIkRRmJxaAg1RRjOqtM+8pIgXrsCBdGuQ2pGHLDBbrDFFx1b7XoOmlclT1W9p6uS5X77Ah5OINzuAQPbqECVahBHQRoeINP+CID8kreyccimiPZn1NYAvn+A7yLiig=</latexit><latexit sha1_base64="xfu4Xwg5gKWax2HbXdP4UC342J0=">AAAB5XicbVDLSkMxFDypr1pfVZdugkVwVXJF0YVCwU2XFewD2lJy09w2NPdBcq5QSj/BjYgbBX/HX/BvTNu7aetAYJiZcM4cP9HKImO/JLexubW9k98t7O0fHB4Vj08aNk6NkHUR69i0fG6lVpGso0ItW4mRPPS1bPqjx5nffJHGqjh6xnEiuyEfRCpQgqOTWtUeow/0hvWKJVZmc9B14mWkBBlqveJPpx+LNJQRCs2tbXsswe6EG1RCy2mhk1qZcDHiAzmZbzmlF07q0yA27kVI5+pSjofWjkPfJUOOQ7vqzcT/vHaKwV13oqIkRRmJxaAg1RRjOqtM+8pIgXrsCBdGuQ2pGHLDBbrDFFx1b7XoOmlclT1W9p6uS5X77Ah5OINzuAQPbqECVahBHQRoeINP+CID8kreyccimiPZn1NYAvn+A7yLiig=</latexit>

SCDM (“Standard” CDM)

⌦mh = 0.5
<latexit sha1_base64="nZ/8ku0Y7LQ4SFGPf6BHw6Hh0Bk=">AAAB73icbVDLSgMxFL1TX7W+Rl26CRbB1ZARRRcKBTfurGAf0JYhk2ba0GRmTDKFUvodbkTcKPgn/oJ/Y9rOpq0HAodzTrj33DAVXBuMf53C2vrG5lZxu7Szu7d/4B4e1XWSKcpqNBGJaoZEM8FjVjPcCNZMFSMyFKwRDu6nfmPIlOZJ/GxGKetI0ot5xCkxVgpct/0oWY8EEvXRHcLeVeCWsYdnQKvEz0kZclQD96fdTWgmWWyoIFq3fJyazpgow6lgk1I70ywldEB6bDzbd4LOrNRFUaLsiw2aqQs5IrUeydAmJTF9vexNxf+8Vmaim86Yx2lmWEzng6JMIJOgaXnU5YpRI0aWEKq43RDRPlGEGnuikq3uLxddJfULz8ee/3RZrtzmRyjCCZzCOfhwDRV4gCrUgMIQ3uATvpwX59V5dz7m0YKT/zmGBTjff9NQjZk=</latexit><latexit sha1_base64="nZ/8ku0Y7LQ4SFGPf6BHw6Hh0Bk=">AAAB73icbVDLSgMxFL1TX7W+Rl26CRbB1ZARRRcKBTfurGAf0JYhk2ba0GRmTDKFUvodbkTcKPgn/oJ/Y9rOpq0HAodzTrj33DAVXBuMf53C2vrG5lZxu7Szu7d/4B4e1XWSKcpqNBGJaoZEM8FjVjPcCNZMFSMyFKwRDu6nfmPIlOZJ/GxGKetI0ot5xCkxVgpct/0oWY8EEvXRHcLeVeCWsYdnQKvEz0kZclQD96fdTWgmWWyoIFq3fJyazpgow6lgk1I70ywldEB6bDzbd4LOrNRFUaLsiw2aqQs5IrUeydAmJTF9vexNxf+8Vmaim86Yx2lmWEzng6JMIJOgaXnU5YpRI0aWEKq43RDRPlGEGnuikq3uLxddJfULz8ee/3RZrtzmRyjCCZzCOfhwDRV4gCrUgMIQ3uATvpwX59V5dz7m0YKT/zmGBTjff9NQjZk=</latexit><latexit sha1_base64="nZ/8ku0Y7LQ4SFGPf6BHw6Hh0Bk=">AAAB73icbVDLSgMxFL1TX7W+Rl26CRbB1ZARRRcKBTfurGAf0JYhk2ba0GRmTDKFUvodbkTcKPgn/oJ/Y9rOpq0HAodzTrj33DAVXBuMf53C2vrG5lZxu7Szu7d/4B4e1XWSKcpqNBGJaoZEM8FjVjPcCNZMFSMyFKwRDu6nfmPIlOZJ/GxGKetI0ot5xCkxVgpct/0oWY8EEvXRHcLeVeCWsYdnQKvEz0kZclQD96fdTWgmWWyoIFq3fJyazpgow6lgk1I70ywldEB6bDzbd4LOrNRFUaLsiw2aqQs5IrUeydAmJTF9vexNxf+8Vmaim86Yx2lmWEzng6JMIJOgaXnU5YpRI0aWEKq43RDRPlGEGnuikq3uLxddJfULz8ee/3RZrtzmRyjCCZzCOfhwDRV4gCrUgMIQ3uATvpwX59V5dz7m0YKT/zmGBTjff9NQjZk=</latexit><latexit sha1_base64="nZ/8ku0Y7LQ4SFGPf6BHw6Hh0Bk=">AAAB73icbVDLSgMxFL1TX7W+Rl26CRbB1ZARRRcKBTfurGAf0JYhk2ba0GRmTDKFUvodbkTcKPgn/oJ/Y9rOpq0HAodzTrj33DAVXBuMf53C2vrG5lZxu7Szu7d/4B4e1XWSKcpqNBGJaoZEM8FjVjPcCNZMFSMyFKwRDu6nfmPIlOZJ/GxGKetI0ot5xCkxVgpct/0oWY8EEvXRHcLeVeCWsYdnQKvEz0kZclQD96fdTWgmWWyoIFq3fJyazpgow6lgk1I70ywldEB6bDzbd4LOrNRFUaLsiw2aqQs5IrUeydAmJTF9vexNxf+8Vmaim86Yx2lmWEzng6JMIJOgaXnU5YpRI0aWEKq43RDRPlGEGnuikq3uLxddJfULz8ee/3RZrtzmRyjCCZzCOfhwDRV4gCrUgMIQ3uATvpwX59V5dz7m0YKT/zmGBTjff9NQjZk=</latexit>

COBE

⌦mh = 0.5
<latexit sha1_base64="LkCm+nSkJzVu/8tuQnajbh6Pbjs=">AAAB73icdVDNSgMxGMzWv1r/Vj16CRbB05Kta1sPQsGLNyvYH2jLkk2zbWiyuybZQil9Di8iXhR8E1/BtzHb1kNFBwKTmQn55gsSzpRG6MvKra1vbG7ltws7u3v7B/bhUVPFqSS0QWIey3aAFeUsog3NNKftRFIsAk5bwegm81tjKhWLowc9SWhP4EHEQkawNpJv2907QQfYF3AIryFyLn27iJyrarnklc0VoYpbcjNSqngXHnSNkqEIlqj79me3H5NU0EgTjpXquCjRvSmWmhFOZ4VuqmiCyQgP6HQ+7wyeGakPw1iaE2k4V1dyWCg1EYFJCqyH6reXiX95nVSH1d6URUmqaUQWH4UphzqGWXnYZ5ISzSeGYCKZmRCSIZaYaLOigqn+0w/+T5olx0WOe+8Va9XlEvLgBJyCc+CCCqiBW1AHDUDAGDyDN/BuPVpP1ov1uojmrOWbY7AC6+MbL6aN1w==</latexit><latexit sha1_base64="LkCm+nSkJzVu/8tuQnajbh6Pbjs=">AAAB73icdVDNSgMxGMzWv1r/Vj16CRbB05Kta1sPQsGLNyvYH2jLkk2zbWiyuybZQil9Di8iXhR8E1/BtzHb1kNFBwKTmQn55gsSzpRG6MvKra1vbG7ltws7u3v7B/bhUVPFqSS0QWIey3aAFeUsog3NNKftRFIsAk5bwegm81tjKhWLowc9SWhP4EHEQkawNpJv2907QQfYF3AIryFyLn27iJyrarnklc0VoYpbcjNSqngXHnSNkqEIlqj79me3H5NU0EgTjpXquCjRvSmWmhFOZ4VuqmiCyQgP6HQ+7wyeGakPw1iaE2k4V1dyWCg1EYFJCqyH6reXiX95nVSH1d6URUmqaUQWH4UphzqGWXnYZ5ISzSeGYCKZmRCSIZaYaLOigqn+0w/+T5olx0WOe+8Va9XlEvLgBJyCc+CCCqiBW1AHDUDAGDyDN/BuPVpP1ov1uojmrOWbY7AC6+MbL6aN1w==</latexit><latexit sha1_base64="LkCm+nSkJzVu/8tuQnajbh6Pbjs=">AAAB73icdVDNSgMxGMzWv1r/Vj16CRbB05Kta1sPQsGLNyvYH2jLkk2zbWiyuybZQil9Di8iXhR8E1/BtzHb1kNFBwKTmQn55gsSzpRG6MvKra1vbG7ltws7u3v7B/bhUVPFqSS0QWIey3aAFeUsog3NNKftRFIsAk5bwegm81tjKhWLowc9SWhP4EHEQkawNpJv2907QQfYF3AIryFyLn27iJyrarnklc0VoYpbcjNSqngXHnSNkqEIlqj79me3H5NU0EgTjpXquCjRvSmWmhFOZ4VuqmiCyQgP6HQ+7wyeGakPw1iaE2k4V1dyWCg1EYFJCqyH6reXiX95nVSH1d6URUmqaUQWH4UphzqGWXnYZ5ISzSeGYCKZmRCSIZaYaLOigqn+0w/+T5olx0WOe+8Va9XlEvLgBJyCc+CCCqiBW1AHDUDAGDyDN/BuPVpP1ov1uojmrOWbY7AC6+MbL6aN1w==</latexit><latexit sha1_base64="LkCm+nSkJzVu/8tuQnajbh6Pbjs=">AAAB73icdVDNSgMxGMzWv1r/Vj16CRbB05Kta1sPQsGLNyvYH2jLkk2zbWiyuybZQil9Di8iXhR8E1/BtzHb1kNFBwKTmQn55gsSzpRG6MvKra1vbG7ltws7u3v7B/bhUVPFqSS0QWIey3aAFeUsog3NNKftRFIsAk5bwegm81tjKhWLowc9SWhP4EHEQkawNpJv2907QQfYF3AIryFyLn27iJyrarnklc0VoYpbcjNSqngXHnSNkqEIlqj79me3H5NU0EgTjpXquCjRvSmWmhFOZ4VuqmiCyQgP6HQ+7wyeGakPw1iaE2k4V1dyWCg1EYFJCqyH6reXiX95nVSH1d6URUmqaUQWH4UphzqGWXnYZ5ISzSeGYCKZmRCSIZaYaLOigqn+0w/+T5olx0WOe+8Va9XlEvLgBJyCc+CCCqiBW1AHDUDAGDyDN/BuPVpP1ov1uojmrOWbY7AC6+MbL6aN1w==</latexit>

�8 = 0.7
<latexit sha1_base64="L2AlndBXt/Svv0t8i00lT0JQXA0=">AAAB63icdVDLSgMxFL3js9ZX1aWbYBFcDZk6dMaFUHDjsoJ9QFtLJs20oZkHSUYopV/hRsSNgv/iL/g3Ztq6qOiBwMk5J+SeG6SCK43xl7W2vrG5tV3YKe7u7R8clo6OmyrJJGUNmohEtgOimOAxa2iuBWunkpEoEKwVjG9yv/XIpOJJfK8nKetFZBjzkFOijfTQVXwYkb6PrhG2vX6pjO0rv1pxq+aKsedUnJxUPPfSRY5RcpRhiXq/9NkdJDSLWKypIEp1HJzq3pRIzalgs2I3UywldEyGbDqfdYbOjTRAYSLNiTWaqys5Eik1iQKTjIgeqd9eLv7ldTId+r0pj9NMs5guPgozgXSC8uJowCWjWkwMIVRyMyGiIyIJ1WY9RVP9px/6nzQrtoNt584t1/zlEgpwCmdwAQ54UINbqEMDKEh4hjd4tyLryXqxXhfRNWv55gRWYH18A40QjP8=</latexit><latexit sha1_base64="L2AlndBXt/Svv0t8i00lT0JQXA0=">AAAB63icdVDLSgMxFL3js9ZX1aWbYBFcDZk6dMaFUHDjsoJ9QFtLJs20oZkHSUYopV/hRsSNgv/iL/g3Ztq6qOiBwMk5J+SeG6SCK43xl7W2vrG5tV3YKe7u7R8clo6OmyrJJGUNmohEtgOimOAxa2iuBWunkpEoEKwVjG9yv/XIpOJJfK8nKetFZBjzkFOijfTQVXwYkb6PrhG2vX6pjO0rv1pxq+aKsedUnJxUPPfSRY5RcpRhiXq/9NkdJDSLWKypIEp1HJzq3pRIzalgs2I3UywldEyGbDqfdYbOjTRAYSLNiTWaqys5Eik1iQKTjIgeqd9eLv7ldTId+r0pj9NMs5guPgozgXSC8uJowCWjWkwMIVRyMyGiIyIJ1WY9RVP9px/6nzQrtoNt584t1/zlEgpwCmdwAQ54UINbqEMDKEh4hjd4tyLryXqxXhfRNWv55gRWYH18A40QjP8=</latexit><latexit sha1_base64="L2AlndBXt/Svv0t8i00lT0JQXA0=">AAAB63icdVDLSgMxFL3js9ZX1aWbYBFcDZk6dMaFUHDjsoJ9QFtLJs20oZkHSUYopV/hRsSNgv/iL/g3Ztq6qOiBwMk5J+SeG6SCK43xl7W2vrG5tV3YKe7u7R8clo6OmyrJJGUNmohEtgOimOAxa2iuBWunkpEoEKwVjG9yv/XIpOJJfK8nKetFZBjzkFOijfTQVXwYkb6PrhG2vX6pjO0rv1pxq+aKsedUnJxUPPfSRY5RcpRhiXq/9NkdJDSLWKypIEp1HJzq3pRIzalgs2I3UywldEyGbDqfdYbOjTRAYSLNiTWaqys5Eik1iQKTjIgeqd9eLv7ldTId+r0pj9NMs5guPgozgXSC8uJowCWjWkwMIVRyMyGiIyIJ1WY9RVP9px/6nzQrtoNt584t1/zlEgpwCmdwAQ54UINbqEMDKEh4hjd4tyLryXqxXhfRNWv55gRWYH18A40QjP8=</latexit><latexit sha1_base64="L2AlndBXt/Svv0t8i00lT0JQXA0=">AAAB63icdVDLSgMxFL3js9ZX1aWbYBFcDZk6dMaFUHDjsoJ9QFtLJs20oZkHSUYopV/hRsSNgv/iL/g3Ztq6qOiBwMk5J+SeG6SCK43xl7W2vrG5tV3YKe7u7R8clo6OmyrJJGUNmohEtgOimOAxa2iuBWunkpEoEKwVjG9yv/XIpOJJfK8nKetFZBjzkFOijfTQVXwYkb6PrhG2vX6pjO0rv1pxq+aKsedUnJxUPPfSRY5RcpRhiXq/9NkdJDSLWKypIEp1HJzq3pRIzalgs2I3UywldEyGbDqfdYbOjTRAYSLNiTWaqys5Eik1iQKTjIgeqd9eLv7ldTId+r0pj9NMs5guPgozgXSC8uJowCWjWkwMIVRyMyGiIyIJ1WY9RVP9px/6nzQrtoNt584t1/zlEgpwCmdwAQ54UINbqEMDKEh4hjd4tyLryXqxXhfRNWv55gRWYH18A40QjP8=</latexit>

Fisher et al. (1993) ApJ, 402, 42

SCDM
<latexit sha1_base64="y3Qh6kYkd3oVYTJYgASfM2+uNGs=">AAAB6nicdVDLSgMxFL1TX7W+qi7dBIvgapgZh7buCnXhRqhoH9AOJZNm2tDMwyQjlNKfcCPiRsGP8Rf8GzNtXVT0QOBwzgn3nusnnEllWV9Gbm19Y3Mrv13Y2d3bPygeHrVknApCmyTmsej4WFLOItpUTHHaSQTFoc9p2x/XM7/9SIVkcXSvJgn1QjyMWMAIVlryeiFWIxFO7+pXN7N+sWSZl9Wy45aRZVpWxXbsjDgV98JFtlYylGCJRr/42RvEJA1ppAjHUnZtK1HeFAvFCKezQi+VNMFkjId0Ol91hs60NEBBLPSLFJqrKzkcSjkJfZ3MVpO/vUz8y+umKqh6UxYlqaIRWQwKUo5UjLLeaMAEJYpPNMFEML0hIiMsMFH6OgVd/acf+p+0HNO2TPvWLdWqyyPk4QRO4RxsqEANrqEBTSDwAM/wBu8GN56MF+N1Ec0Zyz/HsALj4xvG0o3j</latexit><latexit sha1_base64="y3Qh6kYkd3oVYTJYgASfM2+uNGs=">AAAB6nicdVDLSgMxFL1TX7W+qi7dBIvgapgZh7buCnXhRqhoH9AOJZNm2tDMwyQjlNKfcCPiRsGP8Rf8GzNtXVT0QOBwzgn3nusnnEllWV9Gbm19Y3Mrv13Y2d3bPygeHrVknApCmyTmsej4WFLOItpUTHHaSQTFoc9p2x/XM7/9SIVkcXSvJgn1QjyMWMAIVlryeiFWIxFO7+pXN7N+sWSZl9Wy45aRZVpWxXbsjDgV98JFtlYylGCJRr/42RvEJA1ppAjHUnZtK1HeFAvFCKezQi+VNMFkjId0Ol91hs60NEBBLPSLFJqrKzkcSjkJfZ3MVpO/vUz8y+umKqh6UxYlqaIRWQwKUo5UjLLeaMAEJYpPNMFEML0hIiMsMFH6OgVd/acf+p+0HNO2TPvWLdWqyyPk4QRO4RxsqEANrqEBTSDwAM/wBu8GN56MF+N1Ec0Zyz/HsALj4xvG0o3j</latexit><latexit sha1_base64="y3Qh6kYkd3oVYTJYgASfM2+uNGs=">AAAB6nicdVDLSgMxFL1TX7W+qi7dBIvgapgZh7buCnXhRqhoH9AOJZNm2tDMwyQjlNKfcCPiRsGP8Rf8GzNtXVT0QOBwzgn3nusnnEllWV9Gbm19Y3Mrv13Y2d3bPygeHrVknApCmyTmsej4WFLOItpUTHHaSQTFoc9p2x/XM7/9SIVkcXSvJgn1QjyMWMAIVlryeiFWIxFO7+pXN7N+sWSZl9Wy45aRZVpWxXbsjDgV98JFtlYylGCJRr/42RvEJA1ppAjHUnZtK1HeFAvFCKezQi+VNMFkjId0Ol91hs60NEBBLPSLFJqrKzkcSjkJfZ3MVpO/vUz8y+umKqh6UxYlqaIRWQwKUo5UjLLeaMAEJYpPNMFEML0hIiMsMFH6OgVd/acf+p+0HNO2TPvWLdWqyyPk4QRO4RxsqEANrqEBTSDwAM/wBu8GN56MF+N1Ec0Zyz/HsALj4xvG0o3j</latexit><latexit sha1_base64="y3Qh6kYkd3oVYTJYgASfM2+uNGs=">AAAB6nicdVDLSgMxFL1TX7W+qi7dBIvgapgZh7buCnXhRqhoH9AOJZNm2tDMwyQjlNKfcCPiRsGP8Rf8GzNtXVT0QOBwzgn3nusnnEllWV9Gbm19Y3Mrv13Y2d3bPygeHrVknApCmyTmsej4WFLOItpUTHHaSQTFoc9p2x/XM7/9SIVkcXSvJgn1QjyMWMAIVlryeiFWIxFO7+pXN7N+sWSZl9Wy45aRZVpWxXbsjDgV98JFtlYylGCJRr/42RvEJA1ppAjHUnZtK1HeFAvFCKezQi+VNMFkjId0Ol91hs60NEBBLPSLFJqrKzkcSjkJfZ3MVpO/vUz8y+umKqh6UxYlqaIRWQwKUo5UjLLeaMAEJYpPNMFEML0hIiMsMFH6OgVd/acf+p+0HNO2TPvWLdWqyyPk4QRO4RxsqEANrqEBTSDwAM/wBu8GN56MF+N1Ec0Zyz/HsALj4xvG0o3j</latexit>

observedΩmh ≈ 0.2

expected

The standard cosmological model that emerged with the advent of cold 
dark matter in the 1980s was Standard Cold Dark Matter (SCDM)

(worse if )h > 0.5



m
issing satellites

LCDM

H0 = 70
<latexit sha1_base64="vCeQ0RR8KpEN7ZM2DZRYS0jsON0=">AAAB5XicbVDLSgMxFL1TX7W+qi7dBIvgqmREqAuFgpsuK9gHtKVk0kwbmpkMyR2hlH6CGxE3Cv6Ov+DfmLazaeuBwOGcE+49N0iUtEjpr5fb2t7Z3cvvFw4Oj45PiqdnTatTw0WDa6VNO2BWKBmLBkpUop0YwaJAiVYwfpz7rRdhrNTxM04S0YvYMJah5Ayd1K71KXkgFdovlmiZLkA2iZ+REmSo94s/3YHmaSRi5IpZ2/Fpgr0pMyi5ErNCN7UiYXzMhmK62HJGrpw0IKE27sVIFupKjkXWTqLAJSOGI7vuzcX/vE6K4V1vKuMkRRHz5aAwVQQ1mVcmA2kERzVxhHEj3YaEj5hhHN1hCq66v150kzRvyj4t+0+3pep9doQ8XMAlXIMPFahCDerQAA4K3uATvryh9+q9ex/LaM7L/pzDCrzvP7+Biio=</latexit><latexit sha1_base64="vCeQ0RR8KpEN7ZM2DZRYS0jsON0=">AAAB5XicbVDLSgMxFL1TX7W+qi7dBIvgqmREqAuFgpsuK9gHtKVk0kwbmpkMyR2hlH6CGxE3Cv6Ov+DfmLazaeuBwOGcE+49N0iUtEjpr5fb2t7Z3cvvFw4Oj45PiqdnTatTw0WDa6VNO2BWKBmLBkpUop0YwaJAiVYwfpz7rRdhrNTxM04S0YvYMJah5Ayd1K71KXkgFdovlmiZLkA2iZ+REmSo94s/3YHmaSRi5IpZ2/Fpgr0pMyi5ErNCN7UiYXzMhmK62HJGrpw0IKE27sVIFupKjkXWTqLAJSOGI7vuzcX/vE6K4V1vKuMkRRHz5aAwVQQ1mVcmA2kERzVxhHEj3YaEj5hhHN1hCq66v150kzRvyj4t+0+3pep9doQ8XMAlXIMPFahCDerQAA4K3uATvryh9+q9ex/LaM7L/pzDCrzvP7+Biio=</latexit><latexit sha1_base64="vCeQ0RR8KpEN7ZM2DZRYS0jsON0=">AAAB5XicbVDLSgMxFL1TX7W+qi7dBIvgqmREqAuFgpsuK9gHtKVk0kwbmpkMyR2hlH6CGxE3Cv6Ov+DfmLazaeuBwOGcE+49N0iUtEjpr5fb2t7Z3cvvFw4Oj45PiqdnTatTw0WDa6VNO2BWKBmLBkpUop0YwaJAiVYwfpz7rRdhrNTxM04S0YvYMJah5Ayd1K71KXkgFdovlmiZLkA2iZ+REmSo94s/3YHmaSRi5IpZ2/Fpgr0pMyi5ErNCN7UiYXzMhmK62HJGrpw0IKE27sVIFupKjkXWTqLAJSOGI7vuzcX/vE6K4V1vKuMkRRHz5aAwVQQ1mVcmA2kERzVxhHEj3YaEj5hhHN1hCq66v150kzRvyj4t+0+3pep9doQ8XMAlXIMPFahCDerQAA4K3uATvryh9+q9ex/LaM7L/pzDCrzvP7+Biio=</latexit><latexit sha1_base64="vCeQ0RR8KpEN7ZM2DZRYS0jsON0=">AAAB5XicbVDLSgMxFL1TX7W+qi7dBIvgqmREqAuFgpsuK9gHtKVk0kwbmpkMyR2hlH6CGxE3Cv6Ov+DfmLazaeuBwOGcE+49N0iUtEjpr5fb2t7Z3cvvFw4Oj45PiqdnTatTw0WDa6VNO2BWKBmLBkpUop0YwaJAiVYwfpz7rRdhrNTxM04S0YvYMJah5Ayd1K71KXkgFdovlmiZLkA2iZ+REmSo94s/3YHmaSRi5IpZ2/Fpgr0pMyi5ErNCN7UiYXzMhmK62HJGrpw0IKE27sVIFupKjkXWTqLAJSOGI7vuzcX/vE6K4V1vKuMkRRHz5aAwVQQ1mVcmA2kERzVxhHEj3YaEj5hhHN1hCq66v150kzRvyj4t+0+3pep9doQ8XMAlXIMPFahCDerQAA4K3uATvryh9+q9ex/LaM7L/pzDCrzvP7+Biio=</latexit>

⌦m = 0.3
<latexit sha1_base64="Sk2n4HrfM24cF2QUDeO4WAP4NpU=">AAAB63icbVDLSgMxFL1TX7W+qi7dBIvgapjRgi4UCm7cWcE+oK0lk95pQ5OZIckIpfQr3Ii4UfBf/AX/xrSdTVsPBA7nnHDvuUEiuDae9+vk1tY3Nrfy24Wd3b39g+LhUV3HqWJYY7GIVTOgGgWPsGa4EdhMFFIZCGwEw7up33hBpXkcPZlRgh1J+xEPOaPGSs/tB4l92pXklnjuZbdY8lxvBrJK/IyUIEO1W/xp92KWSowME1Trlu8lpjOmynAmcFJopxoTyoa0j+PZrhNyZqUeCWNlX2TITF3IUan1SAY2KakZ6GVvKv7ntVITXnfGPEpSgxGbDwpTQUxMpsVJjytkRowsoUxxuyFhA6ooM/Y8BVvdXy66SuoXru+5/mO5VLnJjpCHEziFc/DhCipwD1WoAQMFb/AJX450Xp1352MezTnZn2NYgPP9Bz2DjMo=</latexit><latexit sha1_base64="Sk2n4HrfM24cF2QUDeO4WAP4NpU=">AAAB63icbVDLSgMxFL1TX7W+qi7dBIvgapjRgi4UCm7cWcE+oK0lk95pQ5OZIckIpfQr3Ii4UfBf/AX/xrSdTVsPBA7nnHDvuUEiuDae9+vk1tY3Nrfy24Wd3b39g+LhUV3HqWJYY7GIVTOgGgWPsGa4EdhMFFIZCGwEw7up33hBpXkcPZlRgh1J+xEPOaPGSs/tB4l92pXklnjuZbdY8lxvBrJK/IyUIEO1W/xp92KWSowME1Trlu8lpjOmynAmcFJopxoTyoa0j+PZrhNyZqUeCWNlX2TITF3IUan1SAY2KakZ6GVvKv7ntVITXnfGPEpSgxGbDwpTQUxMpsVJjytkRowsoUxxuyFhA6ooM/Y8BVvdXy66SuoXru+5/mO5VLnJjpCHEziFc/DhCipwD1WoAQMFb/AJX450Xp1352MezTnZn2NYgPP9Bz2DjMo=</latexit><latexit sha1_base64="Sk2n4HrfM24cF2QUDeO4WAP4NpU=">AAAB63icbVDLSgMxFL1TX7W+qi7dBIvgapjRgi4UCm7cWcE+oK0lk95pQ5OZIckIpfQr3Ii4UfBf/AX/xrSdTVsPBA7nnHDvuUEiuDae9+vk1tY3Nrfy24Wd3b39g+LhUV3HqWJYY7GIVTOgGgWPsGa4EdhMFFIZCGwEw7up33hBpXkcPZlRgh1J+xEPOaPGSs/tB4l92pXklnjuZbdY8lxvBrJK/IyUIEO1W/xp92KWSowME1Trlu8lpjOmynAmcFJopxoTyoa0j+PZrhNyZqUeCWNlX2TITF3IUan1SAY2KakZ6GVvKv7ntVITXnfGPEpSgxGbDwpTQUxMpsVJjytkRowsoUxxuyFhA6ooM/Y8BVvdXy66SuoXru+5/mO5VLnJjpCHEziFc/DhCipwD1WoAQMFb/AJX450Xp1352MezTnZn2NYgPP9Bz2DjMo=</latexit><latexit sha1_base64="Sk2n4HrfM24cF2QUDeO4WAP4NpU=">AAAB63icbVDLSgMxFL1TX7W+qi7dBIvgapjRgi4UCm7cWcE+oK0lk95pQ5OZIckIpfQr3Ii4UfBf/AX/xrSdTVsPBA7nnHDvuUEiuDae9+vk1tY3Nrfy24Wd3b39g+LhUV3HqWJYY7GIVTOgGgWPsGa4EdhMFFIZCGwEw7up33hBpXkcPZlRgh1J+xEPOaPGSs/tB4l92pXklnjuZbdY8lxvBrJK/IyUIEO1W/xp92KWSowME1Trlu8lpjOmynAmcFJopxoTyoa0j+PZrhNyZqUeCWNlX2TITF3IUan1SAY2KakZ6GVvKv7ntVITXnfGPEpSgxGbDwpTQUxMpsVJjytkRowsoUxxuyFhA6ooM/Y8BVvdXy66SuoXru+5/mO5VLnJjpCHEziFc/DhCipwD1WoAQMFb/AJX450Xp1352MezTnZn2NYgPP9Bz2DjMo=</latexit>

⌦⇤ = 0.7
<latexit sha1_base64="YE9FB5hiohW0iwy+EIislDS3ktM=">AAAB9XicbVDLSsNAFL2pr1pfUcGNm8EiuAqJCHWhUHDjQrCCfUBTwmQyaYdOHsxMlBL7KW5E3Cj4G/6Cf+O0zaatBwYO55zL3Hv8lDOpbPvXKK2srq1vlDcrW9s7u3vm/kFLJpkgtEkSnoiOjyXlLKZNxRSnnVRQHPmctv3hzcRvP1EhWRI/qlFKexHuxyxkBCsteeaRex/RPvZy904PBXiMrpFt1Tyzalv2FGiZOAWpQoGGZ/64QUKyiMaKcCxl17FT1cuxUIxwOq64maQpJkPcp/l06zE61VKAwkToFys0VedyOJJyFPk6GWE1kIveRPzP62YqvOzlLE4zRWMy+yjMOFIJmlSAAiYoUXykCSaC6Q0RGWCBidJFVfTpzuKhy6R1bjm25TxcVOtXRQllOIYTOAMHalCHW2hAEwi8wBt8wpfxbLwa78bHLFoyiplDmIPx/QfCIZB3</latexit><latexit sha1_base64="YE9FB5hiohW0iwy+EIislDS3ktM=">AAAB9XicbVDLSsNAFL2pr1pfUcGNm8EiuAqJCHWhUHDjQrCCfUBTwmQyaYdOHsxMlBL7KW5E3Cj4G/6Cf+O0zaatBwYO55zL3Hv8lDOpbPvXKK2srq1vlDcrW9s7u3vm/kFLJpkgtEkSnoiOjyXlLKZNxRSnnVRQHPmctv3hzcRvP1EhWRI/qlFKexHuxyxkBCsteeaRex/RPvZy904PBXiMrpFt1Tyzalv2FGiZOAWpQoGGZ/64QUKyiMaKcCxl17FT1cuxUIxwOq64maQpJkPcp/l06zE61VKAwkToFys0VedyOJJyFPk6GWE1kIveRPzP62YqvOzlLE4zRWMy+yjMOFIJmlSAAiYoUXykCSaC6Q0RGWCBidJFVfTpzuKhy6R1bjm25TxcVOtXRQllOIYTOAMHalCHW2hAEwi8wBt8wpfxbLwa78bHLFoyiplDmIPx/QfCIZB3</latexit><latexit sha1_base64="YE9FB5hiohW0iwy+EIislDS3ktM=">AAAB9XicbVDLSsNAFL2pr1pfUcGNm8EiuAqJCHWhUHDjQrCCfUBTwmQyaYdOHsxMlBL7KW5E3Cj4G/6Cf+O0zaatBwYO55zL3Hv8lDOpbPvXKK2srq1vlDcrW9s7u3vm/kFLJpkgtEkSnoiOjyXlLKZNxRSnnVRQHPmctv3hzcRvP1EhWRI/qlFKexHuxyxkBCsteeaRex/RPvZy904PBXiMrpFt1Tyzalv2FGiZOAWpQoGGZ/64QUKyiMaKcCxl17FT1cuxUIxwOq64maQpJkPcp/l06zE61VKAwkToFys0VedyOJJyFPk6GWE1kIveRPzP62YqvOzlLE4zRWMy+yjMOFIJmlSAAiYoUXykCSaC6Q0RGWCBidJFVfTpzuKhy6R1bjm25TxcVOtXRQllOIYTOAMHalCHW2hAEwi8wBt8wpfxbLwa78bHLFoyiplDmIPx/QfCIZB3</latexit><latexit sha1_base64="YE9FB5hiohW0iwy+EIislDS3ktM=">AAAB9XicbVDLSsNAFL2pr1pfUcGNm8EiuAqJCHWhUHDjQrCCfUBTwmQyaYdOHsxMlBL7KW5E3Cj4G/6Cf+O0zaatBwYO55zL3Hv8lDOpbPvXKK2srq1vlDcrW9s7u3vm/kFLJpkgtEkSnoiOjyXlLKZNxRSnnVRQHPmctv3hzcRvP1EhWRI/qlFKexHuxyxkBCsteeaRex/RPvZy904PBXiMrpFt1Tyzalv2FGiZOAWpQoGGZ/64QUKyiMaKcCxl17FT1cuxUIxwOq64maQpJkPcp/l06zE61VKAwkToFys0VedyOJJyFPk6GWE1kIveRPzP62YqvOzlLE4zRWMy+yjMOFIJmlSAAiYoUXykCSaC6Q0RGWCBidJFVfTpzuKhy6R1bjm25TxcVOtXRQllOIYTOAMHalCHW2hAEwi8wBt8wpfxbLwa78bHLFoyiplDmIPx/QfCIZB3</latexit>

⌦mh = 0.21
<latexit sha1_base64="lnhiq3AHJhICY0EwUkgUoX3+RGw=">AAAB8HicbVDLSgMxFL1TX7W+prp0EyyCq2FSBF0oFNy4s4J9QFuGTJppQ5OZIckopfQ/3Ii4UfBL/AX/xrSdTVsPBA7nnHDvuWEquDa+/+sUNja3tneKu6W9/YPDI7d83NRJpihr0EQkqh0SzQSPWcNwI1g7VYzIULBWOLqb+a1npjRP4iczTllPkkHMI06JsVLglrsPkg1IINEQ3SLfq+LArfiePwdaJzgnFchRD9yfbj+hmWSxoYJo3cF+anoTogyngk1L3UyzlNARGbDJfOEpOrdSH0WJsi82aK4u5YjUeixDm5TEDPWqNxP/8zqZia57Ex6nmWExXQyKMoFMgmbtUZ8rRo0YW0Ko4nZDRIdEEWrsjUq2Ol4tuk6aVQ/7Hn68rNRu8iMU4RTO4AIwXEEN7qEODaDwAm/wCV+Ocl6dd+djES04+Z8TWILz/QdBCI3R</latexit><latexit sha1_base64="lnhiq3AHJhICY0EwUkgUoX3+RGw=">AAAB8HicbVDLSgMxFL1TX7W+prp0EyyCq2FSBF0oFNy4s4J9QFuGTJppQ5OZIckopfQ/3Ii4UfBL/AX/xrSdTVsPBA7nnHDvuWEquDa+/+sUNja3tneKu6W9/YPDI7d83NRJpihr0EQkqh0SzQSPWcNwI1g7VYzIULBWOLqb+a1npjRP4iczTllPkkHMI06JsVLglrsPkg1IINEQ3SLfq+LArfiePwdaJzgnFchRD9yfbj+hmWSxoYJo3cF+anoTogyngk1L3UyzlNARGbDJfOEpOrdSH0WJsi82aK4u5YjUeixDm5TEDPWqNxP/8zqZia57Ex6nmWExXQyKMoFMgmbtUZ8rRo0YW0Ko4nZDRIdEEWrsjUq2Ol4tuk6aVQ/7Hn68rNRu8iMU4RTO4AIwXEEN7qEODaDwAm/wCV+Ocl6dd+djES04+Z8TWILz/QdBCI3R</latexit><latexit sha1_base64="lnhiq3AHJhICY0EwUkgUoX3+RGw=">AAAB8HicbVDLSgMxFL1TX7W+prp0EyyCq2FSBF0oFNy4s4J9QFuGTJppQ5OZIckopfQ/3Ii4UfBL/AX/xrSdTVsPBA7nnHDvuWEquDa+/+sUNja3tneKu6W9/YPDI7d83NRJpihr0EQkqh0SzQSPWcNwI1g7VYzIULBWOLqb+a1npjRP4iczTllPkkHMI06JsVLglrsPkg1IINEQ3SLfq+LArfiePwdaJzgnFchRD9yfbj+hmWSxoYJo3cF+anoTogyngk1L3UyzlNARGbDJfOEpOrdSH0WJsi82aK4u5YjUeixDm5TEDPWqNxP/8zqZia57Ex6nmWExXQyKMoFMgmbtUZ8rRo0YW0Ko4nZDRIdEEWrsjUq2Ol4tuk6aVQ/7Hn68rNRu8iMU4RTO4AIwXEEN7qEODaDwAm/wCV+Ocl6dd+djES04+Z8TWILz/QdBCI3R</latexit><latexit sha1_base64="lnhiq3AHJhICY0EwUkgUoX3+RGw=">AAAB8HicbVDLSgMxFL1TX7W+prp0EyyCq2FSBF0oFNy4s4J9QFuGTJppQ5OZIckopfQ/3Ii4UfBL/AX/xrSdTVsPBA7nnHDvuWEquDa+/+sUNja3tneKu6W9/YPDI7d83NRJpihr0EQkqh0SzQSPWcNwI1g7VYzIULBWOLqb+a1npjRP4iczTllPkkHMI06JsVLglrsPkg1IINEQ3SLfq+LArfiePwdaJzgnFchRD9yfbj+hmWSxoYJo3cF+anoTogyngk1L3UyzlNARGbDJfOEpOrdSH0WJsi82aK4u5YjUeixDm5TEDPWqNxP/8zqZia57Ex6nmWExXQyKMoFMgmbtUZ8rRo0YW0Ko4nZDRIdEEWrsjUq2Ol4tuk6aVQ/7Hn68rNRu8iMU4RTO4AIwXEEN7qEODaDwAm/wCV+Ocl6dd+djES04+Z8TWILz/QdBCI3R</latexit>

�8 = 0.83
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LCDM replaced SCDM by the 
end of the 1990s because many 
observations required , 
which is less than one. 

(Inflation predicted  but 
is sorta OK with .)

Ωm ≈ 0.3

Ωm = 1
Ωm + ΩΛ = 1

The power spectrum gives

This specific set of parameters is 
sometimes called “vanilla LCDM”



CMB: Baby picture of the universe (370,000 years old)

Universe very uniform at z = 1090 (370,000 years old)



CMB temperature fluctuations directly 
related to density fluctuations

Basic problem:  
not enough time for structure to grow.

Gravity will grow the observed large scale 
structure, but it works slowly.  Can’t get here 
from there in a Hubble time: need a factor of 
100,000 but only get 1,000. Cold dark matter 
speeds up the process while not overproducing 
the temperature fluctuations. 

δ ∝ a = 1091 since z = 1090

δT
T

=
1
3

δρ
ρ

∼ 10−5



There isn’t enough time to form the observed
cosmic structures from the smooth initial conditions unless there 

is a component of mass independent of photons.

t = 3.8 x 105 yr t = 1.4 x 1010 yr

δ ∝ a a ∝ t2/3 at early times

Early universe very smooth: δ ∼ 10−5 Current universe very lumpy: δ ∼ 1



Detailed shape of the acoustic power 
spectrum depends sensitively on 

cosmic parameters. 

Best-fit cosmology obtained from multi-
parameter fit. Well constrained, but not 
unique - lots of parameter degeneracy. 

Wayne Hu provides a nice CMB tutorial at http://background.uchicago.edu/index.html

Damped and driven oscillator 

Baryons damp oscillations, like a kid 
dragging his feet on a swing. 

pure damping spectrum in limit of 
all baryons 

Dark matter helps drive oscillations, 
like a parent pushing the kid.

�T

T
=

1

3

�⇢

⇢

Compression and 
rarefaction nearly 
cancel out, but don’t 
quite. Left with

See also the movies of Max Tegmark at http://space.mit.edu/home/tegmark/movies.html



vary baryon density vary CDM density

artificially normalize first peak to show variation in shape

CMB power spectra



baryons a net drag CDM a net forcing term

k2Φ = 4πG (δγ ργ + δb ρb + δCDM ρCDM)

out of phase with baryons

Effective Poisson eqn for mode k

Assume modes are independent -

a good assumption in linear regime

The location of the first peak constrains the curvature to be small ( ) so the universe is flat and |Ωk | < 0.005 Ωm + ΩΛ = 1



3rd peak strong evidence
for non-baryonic substance

unbinned data
binned data



Measurements of  the gravitating mass density

• Cluster M/L
– measure M/L of a cluster, combine with measured 

luminosity density of universe.
• Weak lensing

– measure shear over large scales
• Peculiar Velocity Field

– measure deviations from Hubble flow
• Power spectrum of galaxies
• CMB fits

Ωm ≈ 0.25

Ωm ≈ 0.18 ± 0.04

Ωm = 0.25 ± 0.05

Ωm = 0.315 ± 0.007

Ωmh = 0.213 ± 0.023
Ωm = 0.3 for h = 0.71

also gives h = 0.674 ± 0.005

Dark Energy Survey 
arxiv:2002.11124

Bahcall et al. (1995)

Tonry & Davis (1980)

Tegmark et al. (2004)

Planck Collaboration (2018)

White et al. (1993, cluster baryon fractions)



  (weighted mean of most accurate H0 measurements)H0 = 73.24 ± 0.38 M 2024, Universe, 10, 48
  (Concordance region)Ωm = 0.237 ± 0.015

So:  

 from dynamical measurements while 
 from primordial nucleosynthesis, hence 

 for sure and we need  

non-baryonic dark matter… 

assuming the FLRW cosmology is correct. 

Ωm ≈ 0.30
Ωb ≈ 0.05
Ωm > Ωb

Hubble tension

73.48 ± 1.66  (direct H0 measurement: Riess et al. 2018) 2026 updates: 73.50 ± 0.81  (2510.23823); 76.0 ± 2.5 (Duey et al., real soon)



H0

LSS

Cluster baryon fraction

Age

Concordance LCDM without CMB
M 2024, Universe, 10, 48



H0

LSS

Cluster baryon fraction

Age

Planck

WMAP3
CMB

M 2024, Universe, 10, 48
Concordance(?) LCDM with CMB



Cepheids+TRGB

M 2024, Universe, 10, 48
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Cepheids

Geometry

The Hubble tension appears to be real, and a result of time variation in the CMB best fit.

FLRW cosmology works if and only if there is non-baryonic cold dark matter (and dark energy).



Cosmological parameters over time

Quantity circa 1990 circa 2000 WMAP5 2008 Planck 2018

Ωm 1 0.3 0.274 ± 0.013 0.315 ± 0.007

ΩΛ 0 0.7 0.726 0.685

Ωbh2 0.0125 ± 0.0025 0.019 ± 0.001 0.02247 ± 0.00075 0.02237 ± 0.00015

Ho 50 72 ± 8 70.5 ± 1.3 67.4 ± 0.5

dark matter CDM CDM CDM CDM

“Cosmologists are often wrong, but never in doubt” 
- Lev LandauThings we know for sure in cosmology: 



Cosmologically, the only requirement to be CDM is 

- dynamically cold (slow moving) 
- non-baryonic (no E&M interactions) 

could be 
WIMPS 

(or some other particle, but there are lots of extra particle-physics 
constraints on new particles) 

or 
Black Holes 

(primordial BHs with masses of ~ 30 M⨀ are conceivable, but most 
mass ranges have been excluded by gravitational lensing observations)

WIMPs are considered the odds-on favorite CDM 
candidate because of the so-called `WIMP miracle’: 
the relic density of a new weakly interacting 
particle is about right to explain the mass density.



WIMPs are not just a new particle to discover. 
Their existence requires entirely new physics 
outside the Standard Model of particle physics; 
e.g., something like SuperSymmetry.

Cosmologically, the only requirement to be CDM is 

- dynamically cold (slow moving) 
- non-baryonic (no E&M interactions) 

could be 
WIMPS 

(or some other particle, but there are lots of extra particle-physics 
constraints on new particles) 

WIMPS, or whatever it is, represent new physics beyond 
the Standard Model of particle physics.



SUSY, WIMPs, and all that

proton:

up+up+down

neutron:

up+down+down



Supersymmetry: a hypothetical new symmetry of nature

Every Standard Model particle has a superpartner.
The lightest stable massive superparticle is the most favored WIMP 

candidate.  Usually the neutralino (theory dependent).

arxiv.org/abs/hep-ph/9606414



Freeze out condition: nσ ≈ H

number density x cross-section = expansion rate

Relic density of particles determined by when they freeze out

HOT (relativistic) 
e.g., neutrino

COLD (non-relativistic) 
e.g., WIMP

Tν ≫ mν

TX ≪ mX

so number still around just depends on the photon density

Ωνh2 =
∑ mν

91.5 eV

particle-antiparticle pairs have time to annihilate, so

0.06 ≤ ∑ mν ≤ 0.12

current limits

neutrino 
oscillations

structure 
formation

n ∼ (mXT )3/2e− mx
T

ΩX

0.2
≈

xfo

20 ( 10−8 GeV−2

σ ) 20 ≲ xfo < 50
annoying quantum factor

Lee-Weinberg limit: mX > 2 GeV to not over-produce cosmic mass density

σ ∼
g4

m2
X

where g is the coupling strength 
(e.g., the weak nuclear force)



From review by Feng et al. linked from course review literature page.
Original idea goes back to Peebles (1984) & Steigmann & Turner (1985). 

See also the cosmology textbook by Kolb & Turner.



n ∼
(m

X T ) 3/2e − m
xT

strong interactions 
eliminate most particles

⟨σv⟩ “thermal cross-section”

Originally expected , but only the thermal cross-section  matters here.σ ∼ 10−39 cm−2 ⟨σv⟩

From review by Feng et al. linked from course review literature page.
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W
IM

Ps created in particle 
colliders (like the LH

C
)

WIMPs scatter off nuclei in 
underground laboratory 

experiments

dark matter particles

standard model particles

Feynman diagram


